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ABSTRACT
The the rm o dyn am ics  o f  s o l u t i o n  o f  n o n e l e c t r o l y t e s  i n  
a  number o f  s o l v e n t s  hav e  b e e n  s t u d i e d  t h e o r e t i c a l l y  and 
e x p e r i m e n t a l l y .  The v a l i d i t y  o f  t h e  two more i m p o r t a n t  
t h e o r i e s  o f  s o l u t i o n , i . e .  s c a l e d - p a r t i c l e  t h e o r y  (SPT) 
and S in a n o g lu -R e isse -M o u ra -R a m o s  t h e o r y  (SRMR), w h ich  have  
been  p u t  fo rw a rd  to  a c c o u n t  f o r  t h e  s o l u b i l i t y  o f  g a s e s  and
v a p o u rs  hav e  b e en  i n v e s t i g a t e d .  I t  i s  shown t h a t  n e i t h e r
t h e o r y  can  be u s e d  to  p r e d i c t  a c c u r a t e l y  t h e  s o l u b i l i t i e s  
o f  g a s e s  and v a p o u r s ,  e s p e c i a l l y  i n  n o naqu eo us  s o l v e n t s .
H e a ts  o f  s o l u t i o n  o f  a  l a r g e ,  s p h e r i c a l ,  n o n p o l a r
m o le c u le ,  Me^Sn( l i q u i d ) , h av e  b e e n  m easu red  c a l o r i m e t r i c a l l y
and com bined w i t h  t h e  known h e a t  o f  v a p o r i s a t i o n  to  o b t a i n
h e a t s  o f  s o l u t i o n  o f  M e^Sn(gas) i n  nonaqu eo us  s o l v e n t s .
Gas c h ro m a to g ra p h ic  h ead  sp a c e  a n a l y s i s  h a s  b een  u s e d  to
o b t a i n  R a o u l t f s law  a c t i v i t y  c o e f f i c i e n t s  o f  Me^Sn i n  n o n -
a q u eo u s  s o l v e n t s , a n d  t h e n c e  to  o b t a i n  AG° , AH0 and AS°s s s
f o r  s o l u t i o n  o f  M e^ S n (g as ) .  The o b s e r v e d  v a l u e s  o f  t h e s e  
q u a n t i t i e s  have  been  com pared w i th  t h o s e  c a l c u l a t e d  by 
SPT and SRMR t h e o r y ,  and i t  i s  shown t h a t  n e i t h e r  t h e o r y  
y i e l d s  v a l u e s  i n  a g re em e n t  w i th  e x p e r im e n t .
The M en sc h u tk in  r e a c t i o n  (1 )  h a s  b e en  s t u d i e d  k i n e -  
t i c a l l y  i n  s e v e r a l  s o l v e n t s  a t  d i f f e r e n t  t e m p e r a t u r e s ,  and  
t h e  a c t i v a t i o n  p a r a m e te r s  c a l c u l a t e d .  H e a ts  o f  s o l u t i o n  o f
E t-N  + E t I  
5
•> E t . N *  + I ~  
4 (1)
t h e  r e a c t a n t s  have  b e en  d e te r m in e d  and com bined w i t h  known 
f r e e  e n e r g i e s  o f  s o l u t i o n  to  y i e l d  e n t r o p i e s  o f  s o l u t i o n .  
C o m b in a t io n  w i th  t h e  c o r r e s p o n d in g  a c t i v a t i o n  p a r a m e te r s  
e n a b le s  t h e  s o l v e n t  e f f e c t  on t h e  t r a n s i t i o n - s t a t e  to  be 
d e te rm in e d  i n  te rm s  o f  G, H, and  S .  I t  i s  shown t h a t  
t r a n s i t i o n - s t a t e  e f f e c t s  a r e  g r e a t e r  t h a n  i n i t i a l - s t a t e  
e f f e c t s .  S i m i l a r  e x p e r im e n ts  h av e  b e en  c a r r i e d  o u t  f o r  t h e  
u n i m o l e c u l a r  r e a c t i o n s  o f  t - b u t y l  h a l i d e s  and  i t  i s  shown 
a g a i n  t h a t  i n  non aq u eo u s  s o l v e n t s ,  t h e  s o l v e n t  e f f e c t s  on 
t h e  r e a c t a n t s  a r e  g e n e r a l l y  q u i t e  s m a l l .
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INTRODUCTION 
CHAPTER 1
THERMODYNAMICS OP SOLUTION OE NONELECTROLYTES *
1 e1 I n t r o d u c t i o n .
The s o l u b i l i t y  o f  g a s e s  i n ' l l i q u i d s  h a s  b e en  u n d e r  
q u a n t i t a t i v e  i n v e s t i g a t i o n  s i n c e  t h e  b e g in n in g  o f  t h e  nine™ 
t e e n t h  c e n t u r y .  The l a s t  d e ca d e  h a s  s e e n  some r e m a r k a b le  
a d v a n c e s  i n  t h e o r y ,  e m p i r i c a l  c o r r e l a t i o n s ,  sy s te m s  s t u d i e d  
and a p p a r a t u s .  Much o f  t h e  e a r l i e r  work was more q u a l i t a t i v e  
t h a n  q u a n t i t a t i v e .  G-as s o l u b i l i t i e s  have  become i n c r e a s i n g l y  
i m p o r t a n t  f o r  t h e  t h e o r e t i c a l  u n d e r s t a n d i n g  o f  t h e  l i q u i d  
s t a t e  and s o l u t i o n s .  Many i m p o r t a n t  p r o c e s s e s ,  e s p e c i a l l y  
i n  c h e m ic a l  e n g i n e e r i n g ,  a r e  b a s e d  on t h e  s o l u b i l i t y  o f  g a s e s  
and v a p o u rs  i n  l i q u i d s ,  e . g .  s c r u b b in g  and s t r i p p i n g  depend  
on t h i s  s o l u b i l i t y .  A l s o ,  many p r o c e s s e s  i n  t h e  p e t r o - c h e m i c a l  
i n d u s t r y  a r e  b a se d  on  s o l u b i l i t y  o f  g a s e s  and  v a p o u r s .
T here  i s  an  a lm o s t  n o n - e x i s t e n t  d i v i d i n g  l i n e  b e tw e e n  
g a s  s o l u b i l i t y  ( i n  l i q u i d s )  and v a p o u r - l i q u i d  e q u i l i b r i u m
i ‘ 1e s p e c i a l l y  a t  e l e v a t e d  p r e s s u r e s .  B a t t i n o  h a s  re v ie w e d  t h e
2 5s o l u b i l i t y  o f  g a s e s  i n  l i q u i d s ,  H i ld e b r a n d  and S c o t t  * 
h av e  w r i t t e n  two b o o k s ,  w hich  c o n t a i n  c h a p t e r s  on  g a s  
s o l u b i l i t y  and many r e f e r e n c e s .  W ill iam so n ^ - h a s  w r i t t e n  a
tr
book c a l l e d  "An I n t r o d u c t i o n  to  N o n - E l e c t r o l y t e  S o l u t i o n s  .
5 -8T h e re  a r e  o t h e r  p a p e r s  c o n t a i n i n g  e i t h e r  g e n e r a l  c o r r e l a t i o n s
10-14o r  many r e f e r e n c e s .  B a t t i n o  h a s  a l s o  r e c e n t l y  m ea su re d
t h e  s o l u b i l i t y  o f  g a s e s  i n  s e v e r a l  o r g a n i c  s o l v e n t s .
The s o l u b i l i t y  o f  g a s e s  i n  l i q u i d s  i s  b o th  p r a c t i c a l l y  
i m p o r t a n t  i n  d i v e r s e  f i e l d s  o f  t e c h n o lo g y  and s c i e n c e ,  and 
t h e o r e t i c a l l y  i n t e r e s t i n g  b e c a u s e  g a s  m o le c u le s  c an  be c o n s i ­
d e re d  a s  p ro b e s  m e a su r in g  t h e  . i n t e r m o l e c u l a r  f o r c e  f i e l d  i n  
s o l u t i o n .
A s a t i s f a c t o r y  t h e o r y  o f  s o l u t i o n  f o r  g a s e s  i n  l i q u i d s  
i s  much h a r d e r  to  c o n s t r u c t  t h a n  one f o r  l i q u i d s  o r  s o l i d s  
i n  l i q u i d s .  The l a t t e r  com ponents d i f f e r  from  one  a n o t h e r  
f a r  l e s s  i n  s i g n i f i c a n t  p r o p e r t i e s  su c h  a s  m o la r  vo lum es 
and i n t e r m o l e c u l a r  a t t r a c t i v e  f o r c e s .
I n  a  s e r i e s  o f  p a p e r s  R e i s s ,B r i e s c h , H e l f a n d  and L e b o w itz
15-17 have  d e v e lo p e d  a  s t a t i s t i c a l  m e c h a n ic a l  t h e o r y  o f  f l u i d s  
b a se d  upon t h e  p r o p e r t i e s  o f  e x a c t  r a d i a l  d i s t r i b u t i o n  f u n c ­
t i o n s  w hich  y i e l d  an  a p p ro x im a te  e x p r e s s i o n  f o r  t h e  r e v e r s i b l e  
work r e q u i r e d  to  i n t r o d u c e  a  s p h e r i c a l  p a r t i c l e  i n t o  a  f l u i d  
o f  s p h e r i c a l  p a r t i c l e s .  They c o n s i d e r  t h e  c a s e  o f  a  sy s te m  
o f  (N -1) p a r t i c l e s  o b e y in g  a  p a i r  w ise  a d d i t i v e  p o t e n t i a l  and 
c o u p le  one a d d i t i o n a l  p a r t i c l e  o b e y in g  t h e  same p o t e n t i a l  to  
t h i s  sy s te m  by t h e  p r o c e d u re  o f  d i s t a n c e  s e a l i n g . .
V a r io u s  t h e o r e t i c a l  c o n c e p ts  have  been  r e v ie w e d  r e c e n t l y
1by B a t t i n o  and C le v e r  and th e  p i o n e e r  o f  r e g u l a r  s o l u t i o n
18t h e o r y ,  H i ld e b r a n d  , h a s  g iv e n  a  p e r s o n a l  a c c o u n t  o f  t h e
p r e s e n t  s t a t e  o f  know ledge i n  t h e  f i e l d .
An i n t e r e s t i n g  c o n t r i b u t i o n  to  t h e  i n t e r p r e t a t i o n  o f  g a s
1Q-21s o l u b i l i t i e s  h a s  been  made by P i e r o t t i .  T h i s  work i s  
c la im e d  on  one hand  to  g iv e  a  good d e s c r i p t i o n  o f  s o l u b i l i t i e s ,  
e n t r o p i e s ,  e n t h a l p i e s  o f  s o l u t i o n  and p a r t i a l  m o la r  vo lu m es  
o f  d i s s o l v e d  g a s e s  and on t h e  o t h e r  hand  to  be a p p l i c a b l e  
b o th  to  n o n p o la r  s o l v e n t s  and to  s o l v e n t s  a s  p o l a r  a s  w a t e r .
I t  even  a p p e a re d  to  g iv e  a  f a i r  d e s c r i p t i o n  o f  t h e  s o l u b i l i ­
t i e s ,  and an  e x c e l l e n t  d e s c r i p t i o n  o f  t h e  e n t r o p i e s  o f  s o l u t i o n ,  
i n  w a t e r ,  o f  a lk a n e s  up to  o c ta d e c a n e  and o c ta n e  r e s p e c t i v e l y .
However, w h e rea s  t h e  a p p l i c a b i l i t y  o f  t h e  t h e o r y  to  t h e
s o l v e n t  w a te r  h a s  b e en  i n v e s t i g a t e d  r a t h e r  t h o r o u g h l y y  i t s
a p p l i c a b i l i t y  to  n o n - p o l a r  s o l v e n t s  h a s  been  c la im e d  on  th e
b a s i s  o f  a  v e r y  l i m i t e d  number o f  d a t a  i n  a  few s o l v e n t s  su c h
a s  b en zen e  and c a rb o n  t e t r a c h l o r i d e *
22D e l ig n y  h a s  i n v e s t i g a t e d  t h e  v a l i d i t y  o f  P i e r o t t i f s  
t h e o r y  f o r  n o n - p o l a r  s o l v e n t s  more t h o r o u g h ly ,  and  a l s o  f o r  
some p o l a r  s o l v e n t s ,  u s i n g  a  l a r g e  amount o f  a c c u r a t e  l i t e r a ­
t u r e  d a t a .
1 .2  M ix tu re s  o f  v o l a t i l e  ■ .com ponents.
Among t h e  p r o p e r t i e s  o f  i n t e r e s t  o f  m ix t u r e s  o f  v o l a t i l e  
l i q u i d s  a r e  t h e  v a p o u r  p r e s s u r e  o f  t h e  m ix tu r e  a n d  t h e  compo­
s i t i o n  o f  t h e  v a p o u r  i n  e q u i l i b r i u m  w i th  t h e  l i q u i d .  T h ese  
p r o p e r t i e s  a r e  o f  i n t e r e s t  b o th  from  t h e  p r a c t i c a l  p o i n t  o f  
v iew  w here a  know ledge o f  l i q u i d - v a p o u r  e q u i l i b r i u m  b e h a v i o u r  
i s  i m p o r t a n t  i n  i n d u s t r i a l  s e p a r a t i o n  o f  compounds by f r a c ­
t i o n a l  d i s t i l l a t i o n ,  and from  t h e  t h e o r e t i c a l  p o i n t  o f  v iew  
s i n c e  l i q u i d - v a p o u r  e q u i l i b r i u m  d a t a  a r e  one  o f  t h e  m ain  
s o u r c e s  o f  i n f o r m a t i o n  a b o u t  t h e  therm odynam ic  p r o p e r t i e s  
o f  l i q u i d  m ix t u r e s .
R a o u l t ’ s law  f o r  t h e  r e l a t i o n  be tw een  t h e  v a p o u r  p r e s s u r e  
and th e  mol f r a c t i o n  o f  th e  s o l v e n t  i n  a  s o l u t i o n  o f  an  
i n v o l a t i l e  s o l u t e  can  be w r i t t e n  i n  t h e  form
w here  P^ i s  t h e  v a p o u r  p r e s s u r e  o f  t h e  v o l a t i l e  s o l v e n t ,
t h e  v a p o u r  p r e s s u r e  o f  t h e  p u re  s o l v e n t .
I t  h a s  p ro v e d  c o n v e n ie n t  f o r  many p u r p o s e s  to  u s e  t h i s  
r e l a t i o n  a s  a  r e f e r e n c e  p o i n t  f o r  t h e  b e h a v i o u r  o f  a l l  m i x t u r e s .  
I n  o t h e r  w o rd s ,  o v e r  t h e  whole c o m p o s i t io n  r a n g e  t h e  e f f e c t  
o f  s o l u t e  B a t  any  c o n c e n t r a t i o n  i s  r e g a r d e d  to  be t h e  same 
a s  t h a t  o f  an  i n v o l a t i l e  s o l u t e  i n  d i l u t e  s o l u t i o n  and v i c e  
v e r s a .  I f  t h i s  w ere  t i n e  t h e n  t h e  p a r t i a l  p r e s s u r e s  o f  t h e  
two com ponents would be w r i t t e n
w here , x-g a r e  t h e  mol f r a c t i o n s  o f  A and  B i n  t h e  l i q u i d .  
The t o t a l  v a p o u r  p r e s s u r e  P would o f  c o u r s e  be  g iv e n  by
T h is  l a s t  r e l a t i o n  i m p l i e s  t h a t  t h e  v a p o u r  p r e s s u r e  o f  t h e  
m ix tu r e  ( a t  c o n s t a n t  t e m p e r a t u r e )  would v a r y  l i n e a r l y  w i th  
mol f r a c t i o n  be tw een  t h e  v a p o u r  p r e s s u r e s  o f  t h e  two compo­
n e n t s  .
A lth o u g h  R a o u l t ’s lav/ i s  g r o s s l y  i n a c c u r a t e  f o r  m ost 
m ix tu r e s  t h e r e  a r e  a  few sy s te m s  whose b e h a v i o u r  i t  d e s c r i b e s
XA m° l  ^ r a c ^ i ° n v o l a t i l e  s o l v e n t  and P^ i s
PA ( 1- 2 )
and P.B ( 1 - 3 )
P ( 1 - 4 )
o r
( 1 - 5 )
f a i r l y  w e l l .  The v a r i a t i o n  o f  v a p o u r  p r e s s u r e  w i t h  c o m p o s i t io n  
f o r  one su ch  sy s te m  i s  i l l u s t r a t e d  i n  F i g * ( 1 .1 )  w h ich  shows 
t h e  e q u i l i b r i u m  d ia g ra m  f o r  t h e  sy s te m  b en zen e  + t o l u e n e  a t  
3 5 2 . 15K ( R e f . 4 ) .
One o f  t h e  c o n se q u e n c e s  o f  R a o u l t f s law  i s  t h a t  t h e  v a p o u r  
i n  e q u i l i b r i u m  w i th  a  l i q u i d  m ix tu r e  w hich  o b e y s  R a o u l t fs  law  
a lw ay s  c o n t a i n s  a  g r e a t e r  p r o p o r t i o n  o f  th e  more v o l a t i l e  
component t h a n  d o es  t h e  l i q u i d .  The r a t i o  o f  t h e  p a r t i a l  
p r e s s u r e s  o f  t h e  two com ponents i n  t h e  v a p o u r  i s  g iv e n  by
S u b s t i t u t i n g  e q u a t io n  ( 1 - 7 )  i n t o  e q u a t io n  (.1-6) we o b t a i n
i l l u s t r a t e d  i n  F i g . ( 1 . 2 ) ,  i n  w hich  t h e  lo w e r  l i n e  g i v e s  t h e  
e q u i l i b r i u m  c o m p o s i t io n  o f  t h e  v a p o u r  p h a s e .
I t  i s  o f t e n  more u s e f u l  f o r  p r a c t i c a l  p u r p o s e s  e . g .  
f r a c t i o n a l  d i s t i l l a t i o n ,  to  m easu re  l i q u i d - v a p o u r  e q u i l i b r i u m  
d a t a  a t  c o n s t a n t  p r e s s u r e .  The l i q u i d - v a p o u r  p h a s e  d ia g ra m  
f o r  t h e  s y s te m  benzen e  + t o l u e n e  a t  750mm Hg i s  shown i n  
F i g . ( 1 . 2 ) .  *In t h i s  c a s e  t h e  u p p e r  and lo w e r  l i n e s  r e p r e s e n t
V PB = ( 1- 6 )
Now f o r  a  p e r f e c t  g a s  m ix tu r e  we can  w r i t e
( 1 - 7 )
w here  y , y-n a r e  t h e  mol * f r a c t i o n s  o f  A and B i n  t h e  v a p o u r
( 1- 8 )
so t h a t  i f  P° > P° t h e n  J j / j -q  >  xa ^ xB ‘ P o i11'*' i s  a l s o
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P i g . ( 1 .1 )  L iq u id - v a p o u r  e q u i l i b r i a  o f  b e n z e n e + to lu e n e  
a t  352 .15K .
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P i g . ( 1 .2 )  L iq u id - v a p o u r  e q u i l i b r i a  o f  b e n z e n e + to lu e n e  
a t  750mm Hg.
t h e  e q u i l i b r i u m  c o m p o s i t io n s  o f  v a p o u r  and l i q u i d  r e s p e c ­
t i v e l y  a t  v a r i o u s  t e m p e r a t u r e s  be tw een  th e  b o i l i n g  p o i n t s  
o f  t h e  p u r e  com p onen ts .
F o r  a  sy s te m  w hich  o b ey s  R a o u l t ss law* t h e  c o m p o s i t io n  
p r e s s u r e  r e l a t i o n s  a t  f i x e d  t e m p e r a tu r e  may be r e a d i l y  c a l c u ­
l a t e d  from  a  know ledge  o f  t h e  v a p o u r  p r e s s u r e s  o f  t h e  p u r e  
com ponents a t  a  p a r t i c u l a r  t e m p e r a tu r e  u s i n g  e q u a t i o n s  ( 1 - 3 ) ,  
( 1 - 4 )  and ( 1 - 5 ) .
C a l c u l a t i o n  o f  t h e  c o m p o s i t i o n - t e m p e r a tu r e  d ia g ra m
r e q u i r e s  a  know ledge o f  t h e  v a p o u r  p r e s s u r e s  o f  t h e  p u r e
com ponents a s  f u n c t i o n s  o f  t e m p e r a tu r e  b e tw ee n  t h e  b o i l i n g  
p o i n t s  o f  t h e  two compounds. One r e l a t i v e l y  e a s y  way o f  
c o n s t r u c t i n g  su c h  a  d ia g ra m  i s  to  s o lv e  t h e  e q u a t i o n
P = P1 XA + PB (1 ~XA> ( 1~9 >
f o r  t h e  f i x e d  v a lu e  o f  P and t h e  v a l u e s  and  P° f o r
v a r i o u s  t e m p e r a t u r e s .  The v a p o u r  c o m p o s i t io n s  c o r r e s p o n d i n g  
to  t h e  v a l u e s  o f  x^ t h u s  o b t a i n e d  a r e  g iv e n  by  e q u a t i o n  ( 1 - 1 0 ) .
y B = r Bx B/ p ' ( 1- 1 0 )
U n f o r t u n a t e l y  v e ry  few p a i r s  o f  l i q u i d s  form  i d e a l  s o l u t i o n s ,  
b e c a u s e  o f  t h e  i n t e r a c t i o n s  b e tw een  t h e  m o le c u l e s .  B u t i t  i s  
c l e a r  t h a t  i n f i n i t e l y  d i l u t e  s o l u t i o n s  o f  v o l a t i l e  s o l u t e s  i n  
non aqu eo us  s o l v e n t s  a r e  i d e a l .  When t h e  d e v i a t i o n s  fro m  
R a o u l t ’ s law  a r e  s m a l l ,  v a p o u r  p r e s s u r e - c o m p o s i t i o n  d ia g ra m s
l i k e  t h o s e  shown i n  F i g . ( 1 .3 ) »  a r e  o b t a i n e d .  P i g . ( 1 .3 )  show 
th e  t o t a l  o b s e rv e d  v a p o u r  p r e s s u r e  and t h e  t o t a l  c a l c u l a t e d  
p r e s s u r e  b a se d  on  R a o u l t* s  law  f o r  m ix tu r e s  o f  c a r b o n  t e t r a  
c h l o r i d e  + c y c lo h e x a n e .  a t  3 1 3 .15K*
250
225
Observed pressure
200
R aouli's la w
175
.150
125
0 1 0 2 0 3 0 4  0 5 0 6  0-70 0 9 1 0
M ole fraction o f  CCI.
F i g . ( 1 .3 )  V apour p r e s s u r e  o f  c a rb o n  t e t r a c h l o r i d e  and 
c y c lo h e x a n e  a t  3 1 3 . 15K.
1 .3  S o l u t i o n  o f  g a s e s  i n  l i q u i d s .
The b e h a v io u r  o f  s o l u t i o n s  o f  g a s e s  i n  l i q u i d s  i s  s i m i l a r  
i n  many ways to  t h a t  o f  m ix tu r e s  o f  v o l a t i l e  l i q u i d s .  The 
v a r i a t i o n s  w i th  p r e s s u r e  ( a t  c o n s t a n t  t e m p e r a t u r e )  o f  t h e  
s o l u b i l i t y  o f  a  g a s  c an  be r e p r e s e n t e d  a t  l e a s t  f o r  low  
p r e s s u r e s  by t h e  r e l a t i o n
P2 -  k n 2/ ( n 2+ n1) = k x 2 (1 - 1 1 )
w here P2 i s  t h e  p a r t i a l  p r e s s u r e  o f  t h e  g a s ,  x 2 i s  i t s  mol ■; 
f r a c t i o n  i n  t h e  s o l u t i o n  and k i s  a  c o n s t a n t .  T h is  r e l a t i o n  
i s  s i m i l a r  i n  fo rm  to  R a o u l t ' s  law  e x c e p t  t h a t  t h e  c o n s t a n t  
k ,  no l o n g e r  r e p r e s e n t s  t h e  v a p o u r  p r e s s u r e  o f  t h e  p u r e  compo­
n e n t .
F o r  v e r y  d i l u t e  s o l u t i o n s  (n^ > > n 2 ) e q u a t io n  ( 1 - 1 1 )  c a n  
be p u t  i n  t h e  fo rm s
P2 ~  k n 2^n 1 ( 1 - 1 2 )
o r  P2 ~  k fm2/ ( 1- 13)
w here m2 and m^  a r e  t h e  m asses  o f  s o l u t e  and s o l v e n t  r e s p e c ­
t i v e l y .  Hence f o r  low  p r e s s u r e s  t h e  mass o f  g a s  w h ic h  d i s s o l v e s  
i n  a  g iv e n  mass ( o r  volum e) o f  s o l v e n t  i s  d i r e c t l y  p r o p o r t i o n a l  
to  t h e  p r e s s u r e .  T h is  r e l a t i o n  may be f u r t h e r  s i m p l i f i e d  a s
f o l l o w s .  The number o f  m oles  o f  g a s  d i s s o l v e d  i n  a  g i v e n  am ount
o f  s o l v e n t  a t  a  g iv e n  p r e s s u r e  i s  from  e q u a t io n  ( 1 - 1 2 )
n 2 ~ n iP2//k ( 1 - 1 4 )
a n d - s i n c e  from  th e  g a s  law s
n 2 = P2V2/RT (1 -1 5 )
i t  f o l lo w s  t h a t  t h e  volume o f  g a s  V2 a t  p r e s s u r e  d i s s o l v e d  
i n  a  g iv e n  amount o f  s o l v e n t  a t  t e m p e r a tu r e  T i s  g iv e n  by th e  
r e l a t i o n
V2 = RTn^/k (1 -1 6 )
Thus th e  volume o f  g a s  d i s s o l v e d  by a  f i x e d  amount o f  s o l v e n t  
a t  a  f i x e d  t e m p e r a tu r e  i s  in d e p e n d e n t  o f  t h e  p r e s s u r e *  The 
r e l a t i o n  g iv e n  i n  e q u a t io n  (1 -1 2 )  r e f e r s  to  F i g . ( 1 . 4 )  w hich  
shows^ t h e  V a r i a t i o n  w i th  p r e s s u r e  o f  t h e  s o l u b i l i t y  o f  m ethane 
i n  x y le n e .
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P ig . ( l . J f )  S o l u b i l i t y  o f  methane i n  xy lene  a t  3 1 3 .13K.
The s t a t e m e n t s  g iv e n  above f o r  t h e  v a r i a t i o n  o f  s o l u b i l i t j r  
o f  a  g a s  w i t h  p r e s s u r e  a r e  a i l  s t a t e m e n t s  o f  H e n ry f s l a w t 
I t  w i l l  be  shown i n  s e c t i o n  ( 1 .4 )  t h a t  H enry*s  law  b e h a v io u r  
o f  t h e  s o l u t e  ( e q u a t i o n s  (1 -1 6 )  t o  ( 1 - 1 9 ) ) .  i s  a  n e c e s s a r y  
c o n seq u e n ce  o f  t h e  a p p ro a c h  to  R a o u l t f s law  b e h a v i o u r  o f  t h e  
s o l v e n t ' i n  d i l u t e  s o l u t i o n s .
The s o l u b i l i t i e s  o f  g a s e s  a t  c o n s t a n t  p r e s s u r e  g e n e r a l l y  
d e c r e a s e  w i th  i n c r e a s i n g  t e m p e r a t u r e .  The p r o c e s s  o f  s o l u t i o n  
o f  a  g a s
g as  (2 )  + s o l v e n t ( l )  s o l u t i o n
( 1 -1 7 )
may be r e g a r d e d  a s  a  c o m b in a t io n  o f  t h e  two h y p o t h e t i c a l  s t e p s  
g as  (2 ) -»■ l i q u i d  (2 ) (1 - 1 8 )
and
l i q u i d ( 2 )  + s o l v e n t ( l )  -j- s o l u t i o n
( 1 -1 9 )
The f i r s t  o f  t h e s e  s t e p s  i n v o l v e s  th e  h e a t  o f  c o n d e n s a ­
t i o n  w hich  i s  e x o th e r m ic ,  and t h e  se co n d  a  h e a t  o f  m ix in g  
w hich  f o r  s im p le  m ix tu r e s  i s  u s u a l l y  e n d o th e r m ic .  The h e a t  o f  
s o l u t i o n  i s  u s u a l l y  d o m in a ted  by th e  h e a t  o f  c o n d e n s a t io n  so 
t h a t  t h e  o v e r a l l  p r o c e s s  i s  u s u a l l y  e x o th e r m ic .  S in c e  p r o c e s s  
(1 -1 7 )  w i l l  be d i s p l a c e d  i n  th e  e n d o th e rm ic  d i r e c t i o n  by an  
i n c r e a s e  i n  t e m p e r a tu r e  t h i s  w i l l  c o r r e s p o n d  to  a  d e c r e a s e  i n
* S t r i c t l y ,  t h e  s i g n i f i c a n t  q u a n t i t y  i s  n o t  t h e  o v e r a l l  h e a t  
o f  s o l u t i o n  o f  t h e  g as  b u t  t h e  p a r t i a l  m o la r  h e a t  o f  s o l u t i o n  
i n  t h e  s a t u r a t e d  s o l u t i o n .
s o l u b i l i t y  w i th  i n c r e a s i n g  t e m p e r a t u r e . T h is  i s  i l l u s t r a t e d  
f o r  s o l u t i o n s  o f  m ethane  i n  x y le n e  i n  F i g e ( 1 .5 ) «
0040
0035
i—I
0 030
0 025
0020
0 015
40•2010-20
F i g . ( 1 .5 )  S o l u b i l i t y  o f  m ethane i n  x y le n e  a t  760mm Hg.
The d e c r e a s e  i n  s o l u b i l i t y  o f  g a s e s  w i th  i n c r e a s i n g  
t e m p e r a tu r e  a l t h o u g h  common i s  n o t  i n v a r i a b l e .  T h e re  a r e  a  
number o f  sy s te m s  ( e . g .  s o l u t i o n s  o f  g a s e s  su c h  a s  H e , ^ , ! ^  
i n  s o l v e n t s  su ch  a s  b e n z e n e ,  a c e to n e  and c y c lo h e x a n e )  i n  wh 
th e  s o l u b i l i t y  o f  a  g a s  a t  c o n s t a n t  p r e s s u r e  i n c r e a s e s  w ith  
i n c r e a s i n g  t e m p e r a t u r e .
1 .4  H e n ry f s l a w .
• The s o l v e n t  o f  a  d i l u t e  s o l u t i o n  t e n d s  t o  b eh av e  more 
n e a r l y  i d e a l l y  a s  t h e  s o l u t i o n  becom es more d i l u t e ^ E q u a t i o n  
(1 -2 0 )  may t h e r e f o r e  be w r i t t e n  f o r  t h e  c h e m ic a l  p o t e n t i a l  o f  
t h e  s o l v e n t  (1 )  i n  d i l u t e  s o lu t io n s . -
U-jCP.T.x .,) = n ° ( ? ,5 )  h R'i'lnx^ (1-20)
W ith in  t h e  r a n g e  o f  c o n c e n t r a t i o n s  f o r  w h ich  t h i s  r e l a t i o n  i s
v a l i d  t h e  v a r i a t i o n  o f  t h e  c h e m ic a l  p o t e n t i a l  o f  t h e  s o l u t e  
(2 )  w i th  c o n c e n t r a t i o n  w i l l  be r e l a t e d  to  t h a t  o f  t h e  s o l v e n t  
by t h e  G-ibbs-Duhem r e l a t i o n
• x . (  3u, / 3X .) = X„( 3|j p /  3 x , )  ( c o n s t a n t  T ,P )
1 * 1 2 ( 1- 2 1 )
and  s u b s t i t u t i n g  i n  t h i s  r e l a t i o n  from  e q u a t i o n  (1 - 2 0 )  y i e l d s  
t h e  e q u a t io n
' x 0 (3 u p /3 x 0 ) = x . ( R T /x 1) ( c o n s t a n t  T ,P )
2 ■ 2 1 1 (1 - 2 2 )
o r  x 0 (8 y o /3 x 0 ) = RT ( c o n s t a n t  T fP)
. 2 ( 1 -2 3 )
I n t e g r a t i o n  o f  e q u a t io n  (1 -2 3 )  l e a d s  to  the. r e s u l t  t h a t
( c o n s t a n t  T ,P )  
(1 - 2 4 )
P2 -  K + RTlnx2 
w here  K i s  a  c o n s t a n t .
F o r  d i l u t e  s o l u t i o n s  o f  v o l a t i l e  compounds i n  which, th e  
"chem ica l p o t e n t i a l  o f  a  component i n  t h e  s o l u t i o n  c a n  he 
e x p r e s s e d  i n  te rm s  o f  t h e  c h e m ic a l  p o t e n t i a l  o f  t h a t  component 
i n  t h e  v a p o u r  p h a s e ,  e q u a t i o n  ( 1 -2 5 )  may be w r i t t e n
. ' = p£ ( t ) + R T ln (P * /P x ) (1 -2 5 )
where P2 i s  t h e  f u g a c i t y  o f  s o l u t e  ( 2 ) ,  yx and P x a r e  t h e
p o t e n t i a l  and f u g a c i t y  o f  t h e  s o l u t e  a t  s t a n d a r d  s t a t e  r e s ­
p e c t i v e l y *  From e q u a t io n s  (1 -2 4 )  and (1 -2 5 )  one c an  o b t a i n
( 1 -2 6 )
( 1 -2 7 )
I f  t h e  v a p o u r  o f  (2 )  b e h a v e s  a s  a  p e r f e c t  g a s  t h e n
(P2/ P x ) = kx2 ( 1 -2 8 )
T h is  s i t u a t i o n ,  w hich  c o r r e s p o n d s  to  H e n ry ’s la w ,  i s  i l l u s ­
t r a t e d ^  i n  F i g .  ( 1 . 6 ) .  I n  such  s o l i i t i o n s  where t h e  s o l v e n t  
o b eys  R a o u l t ’s law  t h e  f u g a c i t y  o f  t h e  s o l u t e  i s  p r o p o r t i o n a l  
to  i t s  mol f r a c t i o n  b u t  th e  p r o p o r t i o n a l i t y  c o n s t a n t  i s  n o t
n e c e s s a r i l y  t h e  f u g a c i t y  o f  th e  p u re  s o l u t e .  F o r  s o l u t i o n s
su c h  a s  t h o s e  o f  g a s e s  ( i . e .  s o l u t i o n s  a t  c o n d i t i o n s  u n d e r  
w hich  one o f  t h e  com ponents d oes  n o t  e x i s t  a s  a  l i q u i d )
H e n r y ’s law  l e a d s  to  t h e  use  o f  a  new r e f e r e n c e  s t a t e  f o r  t h e
ln(P*2/ P x ) = K -  yx (T)/RT + l n x 2 
o r  (P g /P * )  = k x 2
c h e m ic a l  p o t e n t i a l  o f  t h e  s o l u t e .  I n  su ch  c a s e s  i t  i s  con ­
v e n i e n t  to  d e f i n e  t h e  i d e a l  s o l u t i o n  by th e  r e l a t i o n
s o l v e n t  y 1 (T t P fx 1 ) = y ° ( T ,P )  + R Tlnx. ( 1 -2 9 )
s o l u t e  u2 ( T , P , x2 ) = y 2 (T ,P )  + RTlnx2 (1 -3 0 )
w here  y2 may r e g a r d e d  a s  t h e  c h e m ic a l  p o t e n t i a l  o f  t h e  
h y p o t h e t i c a l  s t a t e  o b t a i n e d  by e x t r a p o l a t i n g  t h e  H e n r y ’s law  
l i n e  to  x^ = 1 .  The v a lu e  o f  t h e  q u a n t i t y  i s  o b t a i n e d  from  
t h e  r e l a t i o n
and t h e  a c t i v i t y  c o e f f i c i e n t  o f  t h e  s o l u t e  Y.^  w i l l  be 
g iv e n  by
F o r  some s o l u t i o n s ,  e . g .  d i l u t e  s o l u t i o n s  o f  v o l a t i l e  l i q u i d s  
e i t h e r  H e n r y ’ s law  o r  R a o u l t ’ s law  may be u se d  a s  t h e  d e f i n i ­
t i o n  o f  i d e a l  b e h a v io u r .  The a c t i v i t y  c o e f f i c i e n t s  u n d e r  t h e s  
two c o n v e n t io n s  w i l l  o f  c o u rs e  be d i f f e r e n t .  U s in g  t h e  exam pl 
shown i n  F i g . ( 1 .6 )  we would o b t a i n
k  = him  P p / x 9 
x 2 r* 0
(1 -3 1 )
(1 -3 2 )
Y2 = AC/AD = P * / ( k x 2 ) 0 - 3 3 )
and Y 2  = AC/AB = P2/ ( P ° x 2 ) (1 -3 4 )
I t  sh o u ld  he n o te d  how ever t h a t  th e  two c o n v e n t io n s  m e re ly  
r e f e r  to  a l t e r e d  r e f e r e n c e  ( s t a n d a r d )  s t a t e  d e f i n i t i o n s  and 
t h a t  t h e  a c t u a l  c h e m ic a l  p o t e n t i a l  o f  t h e  s o l u t e  i s  n o t  
a l t e r e d .
Raoult's law 
for solvent
R aou lfs law for solute
0 A
F i g . ( 1 .6 )  R e l a t i o n  b e tw een  H e n r y 's  law  f o r  s o l u t e  and 
R a o u l t ' s  law  f o r  s o l v e n t .
1 .5  R a o u l t ' s  law  and H e n r y 's  law  a s  l i m i t i n g  l a w s .
As s o l u t i o n s  become more d i l u t e ,  an  a v e r a g e  s o l v e n t  
m o le c u le  i s  i n c r e a s i n g l y  l i k e l y  to  h av e  o t h e r  s o l v e n t  m o le c u le s  
a s  n e a r e s t  n e ig h b o u r s .  I n  a d d i t i o n ,  t h e  a v e ra g e  d i s t a n c e  
b e tw ee n  s o l u t e  m o le c u le s  becomes g r e a t e r  and t h e  f o r c e s  
b e tw ee n  t h e s e  m o le c u le s  become l e s s  s i g n i f i c a n t .  Thus i t  c an  
be u n d e r s to o d  t h a t  t h e  s o l v e n t  o b ey s  R a o u l t ' s  la w  more c l o s e l y  
a s  t h e  s o l u t e  becom es more d i l u t e .
At t h e  same t im e ,  t h e  s o l u t e  m o le c u le s  t e n d  to  be more 
c o m p le te ly  s u r ro u n d e d  by s o l v e n t  m o le c u le s ,  and  t h u s  t h e y  
a r e  i n  an  i n c r e a s i n g l y  u n i fo rm  e n v iro n m e n t .  As a  c o n s e q u e n c e ,  
t h e  s o l u t e  o b ey s  H e n r y 's  law  more c l o s e l y  t h e  lo w e r  i t s  c o n ­
c e n t r a t i o n  becom es. The H e n r y 's  law  c o n s t a n t  i n  t h i s  c a s e ,  
h o w ever ,  i s  n o t  t h e  v a p o u r  p r e s s u r e  o f  t h e  p u r e  s o l u t e ,  b u t  
i n s t e a d  d epends  on t h e  n a t u r e  o f  t h e  s o l u t e - s o l v e n t  i n t e r a c t i o n .
Prom a  therm odynam ic  p o i n t  o f  v iew  we can  t a k e  i n t o  c o n ­
s i d e r a t i o n  t h e  d e v i a t i o n  o f  a  s o l u t i o n  from  i d e a l i t y  by 
e x p r e s s i n g  t h e  c h e m ic a l  p o t e n t i a l  o f  a  component ( i )  i n  t e r m s  
o f  i t s  a c t i v i t y  r a t h e r  t h a n  i t s  mol f r a c t i o n ,  a s  f o l l o w s
pi  = ui  + R T lna i  (1 - 5 5 )
T h is  e q u a t io n  i s  e x a c t  by d e f i n i t i o n ,  s i n c e  a l l  o f  t h e  e f f e c t s  
o f  t h e  d e v i a t i o n  from  i d e a l i t y  a r e  i n c lu d e d  i n  t h e  v a l u e  o f  
t h e  a c t i v i t y .  Any o f  th e  e q u a t io n s  w hich  have b e e n  o b t a i n e d  
f o r  t h e  i d e a l  s o l u t i o n  w hich  i n v o lv e  component ( i )  can  be made 
a p p l i c a b l e  to  t h e  n o n - i d e a l  s o l u t i o n  by r e p l a c i n g  x^ by a ^ .
As an  example  f o r  a  p u r e  s o l v e n t  t h e  e q u a t i o n  f o r  t h e  b o i l i n g  
p o i n t  e l e v a t i o n  w i l l  b e  -
AH T -T
l n a .  = ----- — ( - 2 ------) ( 1 - 3 6 )
1 R TT
T h i s  r e l a t i o n s h i p  and t h e  a n a l o g o u s  o n e s  f o r  t h e  o t h e r  c o l l i -  
g a t i v e  p r o p e r t i e s  can  be u s e d  t o  d e t e r m i n e  a c t i v i t i e s  f ro m  
e x p e r i m e n t a l  d a t a .
I n  d i s c u s s i n g  d e v i a t i o n s  f rom  i d e a l i t y  i t  i s  o f t e n  c o n ­
v e n i e n t  t o  i n t r o d u c e  t h e  a c t i v i t y  c o e f f i c i e n t  Y -  $ d e f i n e d  
by ( a ^ / x ^ ) . Then e q u a t i o n  ( 1 - 3 5 )  can  be w r i t t e n  i n  t h e  
f o l l o w i n g  form
y. = y° + RTXnxi  + RTXn Yi  ( 1 - 3 7 )
B ecause  s o l u t i o n s  a p p r o a c h  i d e a l i t y  a s  t h e  s o l u t e  becomes
more d i l u t e ,  we c an  sa y  t h a t  Y. 1 a s  x .  .1 ; t h i s  i si  l
t h e  c o n v e n t i o n  a lw ay s  u s e d  f o r  t h e  s o l v e n t .
I f  t h e r e  i s  a  m in o r  component i n  a  s o l u t i o n ,  and  t h u s  
i s  c o n s i d e r e d  to  be a  s o l u t e ,  t h e n  t h e  s o l u t i o n  a p p r o a c h e s  
i d e a l i t y  a s  X£ ->0;  c o n s e q u e n t l y  we may t h e n  w r i t e  ^  ^
a s  X2 ->0 .  T h i s  i m p l i e s  t h a t  t h e  s t a n d a r d  s t a t e  o f  a  s o l u t e  
i s  a  h y p o t h e t i c a l  s t a t e  i n  which  t h e  s o l u t e  h a s  a  mol f r a c ­
t i o n  o f  1 w h i l e  i t s  p r o p e r t i e s  have  t h e  same v a l u e s  t h a t  t h e y  
have  a t  i n f i n i t e  d i l u t i o n .  The f a c t  t h a t  t h i s  s t a t e  c a n n o t  be 
a c t u a l l y  r e a l i z e d  does  n o t  c a u s e  any d i f f i c u l t y  i n  u s i n g  i t  
a s  a r e f e r e n c e  s t a t e  i n  c a l c u l a t i o n s .
L e t  u s  now c o n s i d e r  a  s o l u t i o n  i n  e q u l i b r i u m  w i t h  i t s  
v a p o u r  when t h e  s o l u t i o n  d e v i a t e s  f rom  i d e a l i t y  h u t  t h e  v a p o u r  
b e h a v e s  a s  an  i d e a l  g a s .  E q u a t i n g  c h e m ic a l  p o t e n t i a l s  o f  
component ( i )  i n  t h e  v a p o u r  and i n  t h e  s o l u t i o n *  we h ave
U° (v )  + ETln  P i  = y° ( s o l n )  + RTlna .  ( 1 - 3 8 )
and
u? ( s o l n )  -  V? (v)  P .  P .
1 1 -  I n  —  = In-  1
RT a ± Yi X i  ( 1 - 3 9 )
The l e f t - h a n d  s i d e  o f  t h i s  e q u a t i o n  i n c l u d e s  o n l y  q u a n t i t i e s  
t h a t  a r e  c o n s t a n t  f o r  p a r t i c u l a r  components  a t  a  d e f i n i t e  
t e m p e r a t u r e .  C o n s e q u e n t l y ,
P,
— —  = K ( 1 - 4 0 )
Y i^ i
I n  c a s e  o f  h a v in g  p u r e  s o l v e n t ,  t h e n  Y^ 1 a s  -»• 1 and 
i n  t h e  l i m i t ,  K = . T h i s  e x p r e s s e s  R a o u l t ’ s  l aw  a s  a
l i m i t i n g  law .
I f ,  i n  c o n t r a s t ,  we c o n s i d e r  a  s o l u t e ,  t h e n  a s  we h av e
j u s t  s e e n  y. '*> 1 a s  x .  0 .  F o r  d i l u t e  s o l u t i o n s  (P / x . )  ■* ±  i  i  i
Kp, and t h i s  i s  H e n r y ’s law a s  a  l i m i t i n g  law .
These  r e s u l t s  s u g g e s t  t h a t  i n  any  s o l u t i o n  t h e  s o l u t e  
must obey H e n r y ’s law  i n  t h e  same c o n c e n t r a t i o n  r a n g e  i n  
which  t h e  s o l v e n t  obeys  R a o u l t ’ s law  ( F i g . ( 1 . 1 ) ) .
23 'Rosenbaum h a s  s t a r t e d  w i t h  t h e  Gibbs-Duhem e q u a t i o n
n2 du2 ~n1dy1
which  i s  c o m p l e t e l y  g e n e r a l  f o r  a  p r o c e s s  a t  c o n s t a n t  T and 
P to  p r o v e  t h e  above  s t a t e m e n t e
1 .6  Methods o f  e x p r e s s i n g  g a s  s o l u b i l i t y .
Gas s o l u b i l i t i e s  h a v e  been  e x p r e s s e d  i n  d i f f e r e n t  w ays .  
The most  p o p u l a r  o f  t h e s e  a lo n g  w i t h  i n t e r c o n v e r s i o n  f o r m u l a s  
a r e  g i v e n .
I .  The Bunsen c o e f f i c i e n t  ( a ) .
The Bunsen c o e f f i c i e n t  ( ot ) i s  d e f i n e d  a s  t h e  volume o f  
g a s ,  r e d u c e d  t o  2 7 3 . 15K and 760mm p r e s s u r e  o f  m e r c u r y ,  w h ich  
i s  a b s o r b e d  by t h e  u n i t  volume o f  s o l v e n t  ( a t  t h e  t e m p e r a t u r e  
o f  t h e  m easu rem en t)  u n d e r  a  gas  p r e s s u r e  o f  760mra. When t h e  
p a r t i a l  p r e s s u r e  o f  t h e  g a s  above t h e  s o l v e n t  d i f f e r s  f ro m  
760mm, i t  i s  c o r r e c t e d  t o  t h i s  p r e s s u r e  by H e n r y ’ s lav/ .  By 
way o f  example  an  e q u a t i o n  which  can  be u s e d  t o  c a l c u l a t e  
t h e  Bunsen  c o e f f i c i e n t  i s
where  P2 i s  t h e  p a r t i a l  p r e s s u r e . ( i n  mm Hg) o f  t h e  g a s  above  
t h e  s o l u t i o n ,  T i s  t h e  a b s o l u t e  t e m p e r a t u r e ,  V2 i s  t h e  vo lume 
o f  g a s  a b s o r b e d  ( a t  T and t h e  t o t a l  p r e s s u r e  o f  t h e  m e a s u r e ­
T 760 V P2
( 1 - 4 2 )
m e n t ) , and  i s  t h e  volume o f  t h e  a b s o r b i n g  s o l v e n t .  I f  t h e  
s o l v e n t  h a s  a  n o n - n e g l i g i b l e  v a p o u r  p r e s s u r e ,  t h e n  = 'P-P^ 
where  P i s  t h e  t o t a l  p r e s s u r e  i n  t h e  sy s te m  and i s  t h e  
s o l v e n t  v a p o u r  p r e s s u r e .  E q u a t i o n  ( 1 - 4 2 )  o b v i o u s l y  r e d u c e s  t o
V2 273 .15
“  = T ( 1 - 4 3 )
The c o r r e c t i o n  to  s t a n d a r d  c o n d i t i o n s  a ssum es  i d e a l  g a s  
b e h a v i o u r .  S i n c e  r e a l  g a s e s  do n o t  f o l l o w  t h e  i d e a l  g a s  l a w ,  
i t  i s  e x t r e m e l y  i m p o r t a n t  to  s p e c i f y  t h e  gas  e q u a t i o n  o f  
s t a t e  u s e d  f o r  t h e  c o r r e c t i o n  to  s t a n d a r d  c o n d i t i o n s .  F o r  
m ost  g a s e s  and c o n d i t i o n s  t h e  d i f f e r e n c e  i s  n e g l i g i b l e ,  b e i n g  
l e s s  t h a n  1%, b u t  t h e  method o f  c o r r e c t i o n  s h o u l d  s t i l l  b e  
s p e c i f i e d .  The Bunsen c o e f f i c i e n t  i s  som etim es  j u s t  r e f e r r e d  
t o  a s  t h e  a b s o r p t i o n  c o e f f i c i e n t  o r  t h e  c o e f f i c i e n t  o f  a b s o r p ­
t i o n .
The Kuenen c o e f f i c i e n t ,  S , i s  t h e  volume o f  g a s  ( i n
3cm ) a t  a  p a r t i a l  p r e s s u r e  o f  760mm, r e d u c e d  t o  2 7 3 . 15K and  
760mm, d i s s o l v e d  by t h e  q i i a n t i t y  o f  s o l u t i o n  c o n t a i n i n g  1g. 
o f  s o l v e n t .  Thus t h e  Kuenen c o e f f i c i e n t  i s  p r o p o r t i o n a l  t o  
gas  m o l a l i t y .
I I .  The Ostwald c o e f f i c i e n t  ( L ) .
The O s tw a ld  c o e f f i c i e n t ,  L , i s  d e f i n e d  a s  t h e  r a t i o  o f  
t h e  volume o f  g a s  a b s o r b e d  to  t h e  volume o f  t h e  a b s o r b i n g  
l i q u i d ,  a l l  m easu red  a t  t h e  same t e m p e r a t u r e .  The O s tw a ld  
c o e f f i c i e n t  i s  t h e n
L  =  V f / V 2 ( 1- 44 )
f o r  t h e  p r o c e s s
Gas ( i n  l i q u i d  p h a s e , x 2 o r  c 2 ) -*• Gas ( i n  gas  p h a s e ,  P2 o r  c | )
( 1 -4 5 )
The O s tw a ld  c o e f f i c i e n t  may be w r i t t e n  a s  e q u a t i o n  ( 1 - 4 6 ) ,  
where  c 2 i s  t h e  c o n c e n t r a t i o n  o f  t h e  g a s  i n  t h e  l i q u i d  p h a s e ,  
and c |  i s  t h e  c o n c e n t r a t i o n  o f  t h e  g a s  p h a s e .
1 =  c 2/ c |  =  V f / V 2 ( 1- 4 6 )
The O s tw a ld  c o e f f i c i e n t  i s  i n  r e a l i t y  an  e q u i l i b r i u m  c o n s t a n t ,  
and  a s  su c h  i s  i n d e p e n d e n t  o f  t h e  p a r t i a l  p r e s s u r e  o f  t h e  g a s  
a s  3.ong a s  i d e a l i t y  may be assum ed .  However t o  f i x  t h e  v a l u e  
o f  t h e  O s tw a ld  c o e f f i c i e n t ,  t h e  t e m p e r a t u r e  and t o t a l  p r e s s u r e  
must  be d e s i g n a t e d .
I f  t h e  t o t a l  p r e s s u r e  i s  k e p t  a t  760mm, t h e n  t h e  volume 
o f  gas  a b s o r b e d ,  r e d u c e d  to  2 7 3 . 1 5K and 760mm by t h e  i d e a l  
gas  l aw ,  p e r  u n i t  volume o f  l i q u i d  i s  f r e q u e n t l y  d e s i g n a t e d  a s  
3 , an  a b s o r p t i o n  c o e f f i c i e n t .  I t  i s  i m p o r t a n t  t o  c l e a r l y  
s p e c i f y  t h e  method o f  c a l c u l a t i n g  t h e  s o l u b i l i t y  s i n c e  3
som etim es  g e t s  c o n fu s e d  w i t h  a .
I I I .  The H e n r y k  law  c o n s t a n t , (K ^). .
The e q u a t i o n  f o r  a  g a s  i n  e q u i l i b r i u m  w i t h  a  l i q u i d  may
he w r i t t e n  a s  e q u a t i o n  ' ( 1 - 4 5 ) .  H e n r y ' s  l a w  c a n  he  p r e s e n t e d
a s
P 2 = K* x 2 ( 1 - 4 ? )
o r  i n  t h e  c a s e  o f  a  d i l u t e  s o l u t i o n  o f  t h e  g a s  a s
P 2 = KH °2 ( 1 - 4 8 )
C2 = KH C2 ( 1 - 4 9 )
f rom  t h e  l a s t  e q u a t i o n  . i t  i s  n o t e d  t h a t
1 = 1/ KH ( 1 - 5 0 )
I n  t h e  above  e q u a t i o n s  X£ i s  t h e  mol f r a c t i o n  o f  t h e  s o l u t e .
Of c o u r s e  s o l u b i l i t y  may he e x p r e s s e d  i n  t e r m s  o f  mol f r a c t i o n ,  
volume f r a c t i o n ,  m o l a r i t y  o r  m o l a l i t y .
The H e n r y fs law  c o n s t a n t s ,  p a r t i c u l a r l y  K^, c an  be  
s a t i s f a c t o r i l y  u s e d  to  e x p r e s s  s o l u b i l i t y ,  b u t  i t  m u s t  he 
remembered t h a t  H e n r y ' s  law  i s  a p p l i c a b l e  o n l y  o v e r  a  r e s t r i c t e d  
r a n g e  o f  d i l u t e  s o l u t i o n s  and t h a t  H e n r y ’s law  i n  p r a c t i c e  i s  
f r e q u e n t l y  j u s t  a  l i m i t i n g  law .  The method o f  c a l c u l a t i n g  t h e  
H e n r y ' s  law  c o n s t a n t  must  be s p e c i f i e d .
The p r a c t i c e  o f  c o n v e r t i n g  s o l u b i l i t y  d a t a  f ro m  t h e  e x p e r i ­
m e n t a l  p r e s s u r e  to  a  p a r t i a l  p r e s s u r e  o f  760mm by a p p l y i n g
H e n r y k  law  u s u a l l y  i n t r o d u c e s  no e r r o r s  i f  t h e  p r e s s u r e  
r a n g e  i s  r e a s o n a b l y  s m a l l .  -
IV. The w e i g h t  s o l u b i l i t y  (C ) .w
The w e i g h t  s o l u b i l i t y ,  C , i s  d e f i n e d  a s  t h e  number o f  
m o les  o f  g a s ,  w i t h  t h e  p a r t i a l  p r e s s u r e  o f  t h e  g a s  b e i n g  760mm 
p e r  gram o f  s o l v e n t .  T h i s  u n i t  h a s  t h e  a d v a n t a g e  o f  e s s e n t i a l l y  
b e i n g  a  r a t i o  o f  w e i g h t s ,  t h u s  p e r m i t t i n g  e a s y  c o n v e r s i o n s  
and making c e r t a i n  c a l c u l a t i o n s  s i m p l e r .
V. I n t e r c o n v e r s i o n  o f  t h e  s o l u b i l i t y  e x p r e s s i o n s .
( a )  From t h e  Bunsen  c o e f f i c i e n t
B = a ( 7 6 0 ^ ^ / 7 6 0  ( 1 - 5 1 )
1  = « ( T /2 7 3 .1 5 )  = ' ( i ( T / 2 7 3 . 1 5 ) ( 7 6 0 ) / ( 7 6 0 - P 1 )
( 1- 5 2 )s ■ TTT^I < 1 - 5 3 >
0,  -  « / v 2 p ,  ( 1 - 5 4 )
i s  t h e  p a r t i a l  p r e s s u r e  o f  t h e  s o l v e n t ,  p i s  t h e  d e n s i t y  
o f  t h e  s o l u t i o n ,  V2 i s  t h e  d e c im a l  f r a c t i o n  o f  s o l u t e  i n  
s o l u t i o n ,  V2 i s  t h e  m o la l  volume o f  t h e  g a s  i n  cm mol a t  
2 7 3 . 15K, and i s  t h e  d e n s i t y  o f  t h e  s o l v e n t  a t  t h e  tempe-.
r a t u r e  o f  t h e  m ea su rem en t .
v •17 .033x10  p
K„ = ------ -- ----------:— - + 760 ( 1 - 5 5 )
a M.
Kjj = - . 1 7 . 0 3 3 / o  = 2 2 ; t o o d a 6°  ( 1 ~56)
i s  t h e  m o la r  w e i g h t  o f  t h e  s o l v e n t .  The u n i t s  o f  K* a r e  
t h o s e  o f  p r e s s u r e  (mm Hg) , and o n l y  f o r  t h e  v e r y  s o l u b l e  g a s e s  
does  t h e  c o n s t a n t  t e r m  o f  760mm a l t e r  s i g n i f i c a n t l y  t h e  v a l u e  
o f  c a l c u l a t e d  f rom  t h e  f i r s t  t e r m  i n  e q u a t i o n  (.1-55)*
The u n i t s  o f  a r e  (mm Hg) ( l i t r e s  o f  s o l v e n t ) / m o l  o f  g a s .
(b )  From t h e  O s tw a ld  c o e f f i c i e n t .
a -  1 (2  7 3 • 1 5 / T) ( 1 - 5 7 )
3 = 1 ( 2 7 3 . 1 5 /T ) ( 7 6 0 ~ P 1 ) / 7 6 0  ( 1 - 5 8 )
k “ = 1 /1  ( 1 - 5 9 )
Cw =  ( 1 - 6 0 )
3 -1V2 i s  t h e  m o la r  volume o f  t h e  g a s  i n  cm mol a t  t h e  t em p e­
r a t u r e  o f  t h e  m easu rem en t .
( c )  From t h e  H e n r y ' s  law  c o n s t a n t , K ^ .
_ 1 7 .0 3 3 x 1 0 6 P r * \
a  = — Z — — --------------------  ( 1 - 6 1 )
(Ki^ -760)M 1
The.760mm i n  t h e  d e n o m in a to r  may be n e g l e c t e d  u n l e s s  i t  i s  
a p p r e c i a b l e  w i t h  r e s p e c t  to  K*
(a)  From t h e  w e ig h t  s o l u b i l i t y , C .
x 2 = ( 1 " 62)
CHAPTER 2
METHODS OF DETERMINATION OE THE THERMODYNAMICS
OF SOLUTION
The e x p e r i m e n t a l  m ethods  w h ich  a r e  c a r r i e d  o u t  t o  
d e t e r m i n e  t h e  therm odynam ic  p r o p e r t i e s  w i l l  he  d i s c u s s e d  
b e lo w .  The p r o c e d u r e  a d o p te d  d ep en d s  on t h e  n a t u r e  o f  t h e  
s o l u t e ,  p a r t i c u l a r l y  i f  i t  i s  a  p e rm a n en t  g a s  o r  a  l i q u i d  a t  
room t e m p e r a t u r e .
2 .1  G a s e s .
The p r o c e s s  can  be  c o n s i d e r e d  a s  f o l l o w s  
S o l u t e ( g a s , 1 a t m . ) -»• S o l u t e ( s o l u t i o n j X ^  mol f r a c t i o n )
( 2- 1)
when t h e  p r o c e s s  i s  a t  e q u i l i b r i u m  one can  w r i t e
E q u i l i b r i u m  c o n s t a n t  = Koeq P,
x 2 -  0
f o r  a n  i n f i n i t e l y  d i l u t e  s o l u t i o n  we have
( 2 - 2 )
K
1
o~"
eq X, x 2 o
-X
( 2 - 3 )
I n  t h i s  c a s e  i s  t h e  s o l u b i l i t y  o f  t h e  g a s  i n  t h e  l i q u i d .
• 1
B a t t i n o  h a s  d e s c r i b e d  i n  d e t a i l  t h e  e x p e r i m e n t a l  m ethods  u s e d  
t o  d e t e r m i n e  the rm odynam ics  o f  g a s - l i q u i d  e q u i l i b r i a .
The f r e e  e n e rg y  o f  s o l u t i o n  i s  c a l c u l a t e d  by t h e  e q u a t i o n
AG° = -RTlriK0
AG° = RTlnK* s H
eq
-RTlnx
where  i s  u s u a l l y  i n  u n i t s  o f  atm
2
-1
( 2 - 4 )
( 2 - 5 )
The e n t r o p y  o f  s o l u t i o n  AS i s  c a l c u l a t e d  a s  f o l l o w ss
ASo
A Gr
8 T
o
( 2 - 6 )
P
and  t h e  e n t h a l p y  o f  s o l u t i o n  AH i s .  c a l c u l a t e d  by e q u a t i o ns
( 2 - 7 )  ■
AH0 = AG° + 1’ a S°s s  ■ u  s ( 2 - 7 )
T a b l e s ( 2 . 1 ) , ( 2 ; 2 ) , ( 2 . 3 )  and ( 2 . 4 )  g i v e  t h e  s o l u b i l i t y  and t h e  
f r e e  e n e r g y ,  e n t h a l p y  and e n t r o p y  o f  s o l u t i o n  o f  some g a s e o u s  
s o l u t e s  i n  v a r i o u s  s o l v e n t s .
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2 . 2  L i q u i d s .
2 .2 .A .  F r e e  e n e r g y  o f  s o l u t i o n  ( v a p o u r - l i q u i d  e q u i l i b r i a ) . 
S e v e r a l  dynamic and s t a t i c  m ethods  o f  d e t e r m i n a t i o n
e . g .  e q u i l i b r i u m  v a p o u r  d i s t r i b u t i o n *  A l l  t h e s e  m e th o d s ,  
t h o u g h  o f t e n  a c c u r a t e ,  a r e  n o t  v e r y  c o n v e n i e n t .  Much more 
c o n v e n i e n t  m ethods  have  b e en  d e v e lo p e d  b a s e d  on  g a s - l i q u i d  
c h ro m a to g ra p h y ;  t h e s e  m ethods  a r e  a c c u r a t e ,  r a p i d  and  con­
v e n i e n t  and a r e  d e s c r i b e d  a s  f o l l o w s .
I .  Dynamic method (m easurem ent  o f  r e t e n t i o n  volume o f  a  
s o l u t e  on  a  l i q u i d  s t a t i o n a r y  p h a s e ) .
L i m i t i n g  a c t i v i t y  c o e f f i c i e n t  .
The n e t  r e t e n t i o n  volume o f  a compound i s  t h e  volume 
o f  c a r r i e r  g a s  f l o w i n g  t h r o u g h  a  column d u r i n g  t h e  t im e  
b e tw een  i n j e c t i o n  o f  a  p u l s e  o f  t h a t  compound and  e l u t i o n  
o f  t h e  mass c e n t r e  o f  t h e  c o r r e s p o n d i n g  b a n d ,  c o r r e c t e d  
f o r  d e c o m p r e s s io n  and f o r  g a s  h o l d  up i n  t h e  co lum n.
A c c o r d in g  t o  c h r o m a to g r a p h ic  t h e o r y ,  t h e  n e t  r e t e n t i o n  
volume V^' i s  r e l a t e d  t o  t h e  s o l u t e  d i s t r i b u t i o n  c o e f f i c i e n t  
K° a c c o r d i n g  to  e q u a t i o n
o f  v a p o u r - l i q u i d  e q u i l i b r i a  h a v e  b e e n  w e l l  d e s c r i b e d , ^
V. 1 ( 2 - 8 )
where t h e  r e t e n t i o n  volume and t h e  gas  h o l d - u p  volume 
a r e  c o r r e c t e d  f o r  t h e  column p r e s s u r e  d r o p .  K° i s  d e f i n e d  a s
Ko s o l u t e  c o n c e n t r a t i o n  i n  s o l u t i o n  p h a s e  s o l u t e  c o n c e n t r a t i o n  i n  m o b i l e  p h a s e
and y 1 i s  t h e  volume o f  s t a t i o n a r y  l i q u i d  p h a se  i n  t h e  column* 
From s im p le  R a o u l t * s  law  c o n s i d e r a t i o n ,  i t  c an  be  s e e n  t h a t
RTn1
■ y ■ = ----- -—— ■
y“  4  ( 2 " 1 0 )
w here  n^ i s  t h e  number o f  moles o f  s t a t i o n a r y  l i q u i d  p h a se  
p r e s e n t  i n  t h e  co lum n,  and and a r e  r e s p e c t i v e l y
t h e  s o l u t e  i n f i n i t e  d i l u t i o n  a c t i v i t y  c o e f f i c i e n t  i n  t h e  
s t a t i o n a r y  p h a s e  and i t s  s a t u r a t i o n  v a p o u r  p r e s s u r e  a t  t h e  
column t e m p e r a t u r e  T.
A l a r g e  number o f  a c t i v i t y  c o e f f i c i e n t s  o f  v o l a t i l e ,  
s o l u t e s  , m o s t l y  i n  r a t h e r  i n v o l a t i l e  s o l v e n t s ,  h a v e  b e e n  
d e t e r m i n e d  by t h i s  m ethod ;  f o r  a  s u r v e y  o f  r e s u l t s  s e e  
r e f e r e n c e  52.
I I .  S t a t i c  method (Head sp a c e  a n a l y s i s ) .
Gas l i q u i d  ch ro m a to g ra p h y  o f f e r s  a  c o n v e n i e n t  method
—r  -1 nf o r  t h e  a n a l y s i s  o f  v e r y  s m a l l  s a m p le s  (10 -10~  m o l l )  o f
m i x t u r e s  o f  v o l a t i l e  compounds.  I t  i s  t h u s  p o s s i b l e  t o  make 
s t a t i c  m ea su rem en ts  o f  v a p o u r  p r e s s u r e . o f  m i x t u r e s  i n  w h ich  
b o t h  components  a r e  v o l a t i l e ,  w i t h o u t  t h e  need  f o r  l a r g e  
sam p les  o f  t h e  p h a s e .
Cave h a s  d e v e lo p e d  a r a p i d  g a s - c h r o m a t o g r a p h i c  method 
a p p l i c a b l e  t o  v o l a t i l e  s o l u t e s  i n  s o l u t i o n ,  and h a s  a p p l i e d  
t h e  method to  d e t e r m i n e  t h e  a c t i v i t y  c o e f f i c i e n t s  o f  m e th a n o l  
and e t h a n o l  i n  b e n z e n e ,  T a b l e ( 2 . 5 ) .
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R o h r s c h n e i d e r  h a s  d e s c r i b e d  a  method f o r  t h e  d e t e r m i ­
n a t i o n  o f  g a s - l i q u i d  p a r t i t i o n  c o e f f i c i e n t s  by g a s  c h ro m a to ­
g r a p h i c  h e a d  s p a c e  a n a l y s i s  u s i n g  two d i f f e r e n t  columns* He 
h a s  o b t a i n e d  t h e  p a r t i t i o n  c o e f f i c i e n t s  o f  n - o c t a n e ,  t o l u e n e } 
e t h a n o l ,  m e th y l  e t h y l  k e t o n e , d i o x a n e ,  and n i t r o m e t h a n e  i n
e i g h t y  s o l v e n t s  T a b l e ( 2 « 6 ) .
5 4 .-5 8A b ra h a n r^  h a s  u s e d  g a s - l i q u i d  c h r o m a t o g r a p h i c  h e a d  
sp a c e  a n a l y s i s  t o  m easure  t h e  R a o u l t * s  l aw  a c t i v i t y  c o e f f i ­
c i e n t  ( y^r ) ^ o r  a  number o f  v o l a t i l e  s o l u t e s  i n  s e v e r a l  
s o l v e n t s ,  T a b l e s ( 2 . 7 )  and ( 2 , 8 ) *
T h i s  method can  be t h e o r e t i c a l l y  d e s c r i b e d  a s  f o l l o w s :  
Assume t h e r e  a r e  two d i f f e r e n t  s y s t e m s  ( a )  and  ( b ) , a t  
a  c o n s t a n t  t e m p e r a t u r e ,  T.
p° P
— ---------
S o l u t i o n
s o l u t e x  mol-
f r a c t i o n
(a )  (b)
I n  sy s te m  (a )  t h e  p u r e  s o l u t e  and i t s  v a p o u r  a r e  a t  
e q u i l i b r i u m ,  so t h a t  t h e  v a p o u r  p r e s s u r e  o f  t h e  l i q u i d  i s  P° 
I n  sy s te m  (b)  t h e  s o l u t i o n  o f  x mol f r a c t i o n  o f  t h e  s o l u t e  
and . i t s  v a p o u r  a r e  a t  e q u i l i b r i u m ,  t h e  p a r t i a l  p r e s s u r e  o f
Xt h e  s o l u t e  "being P .  To f i n d  t h e  g . l . c .  method i s  used* 
s i n c e
,o
I!
J j
o and h e nce T>0P x
D
-p.0D x
( 2 - 11 )
w here  D and P a r e  t h e  d e t e c t o r  r e s p o n s e s  on i n j e c t i n g  e q u a l  
vo lum es  o f  v a p o u r  f rom  t h e  two h e a d s p a c e s  i n  ( a )  and (h)  
r e s p e c t i v e l y .  I f  t h e  d e t e c t o r  r e s p o n s e  t o  t h e  s o l u t e  v a p o u r  
i s  l i n e a r  o v e r  th e .  c o n c e n t r a t i o n  r a n g e  c o v e r i n g  P and P° 
e q u a t i o n  ( 2 —11) r e d u c e s  to
P and
P -n0P X
P
n °P X
( 2 - 12 )
I t  i s  p o s s i b l e  by t h e  g . l . c .  method to  a n a l y s e  v e r y  
s m a l l  s o l u t e  c o n c e n t r a t i o n ,  so t h a t  t h e  above r a t i o s  c an  be  
o b t a i n e d  a s  x 2 0 .  Then s im p ly
Y
oO ---
-t
ro
t'
P2
i
CM
XO CNJ1 x 2 -  0
II
X2 -*• o
( 2 - 1 3 )
oow here  y2 i s  t h e  R a o u l t ’s law  a c t i v i t y  c o e f f i c i e n t  o f  t h e  
s o l u t e  a t  i n f i n i t e  d i l u t i o n .  Then H e n r y fs law c o n s t a n t  i s  g i v e n
KH = V P 2 ( 2 - 1 4 )
and t h e  s t a n d a r d  f r e e  e n e rg y  o f  s o l u t i o n  i s  c a l c u l a t e d  by 
e q u a t i o n  ( 2 - 5 ) .
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T a b l e ( 2 „ 8 )  V a lu e s  o f  R a o u l t ! s law  a c t i v i t y  c o e f f i c i e n t s  (^°°^)
f o r  some v o l a t i l e s o l u t e s  a t  29 8 . 15K.
S o l v e n t E t ,N a3
bE t I Me .SnC Bu^Cl° 4
_ t-p. c Bu B r
D i m e t h y l s u l p h o x i d e 3 0 13 3.11 62.1 1 1 .4 18.02
N i t r o m e th a n e 1 2 .3 4.81 3 6 .2 7 .4 3 9 .4 9
A c e t o n i t r i l e 10 c 7 4 .2 5 2 7 . 4 5 .2 0
D im ethy l fo rm am id e 8 .6 3 1 .92 ; 15 .3 4 .0 5 5 .72
P r o p i o n i t r i l e 4*26 2 . 5 4
D io x a n e 3 .3 6 1 .34 2 .5 6
N i t r o b e n z e n e 3 .6 0 1 .5 9 2 .8 0
A ce tophenone 3 .0 7 1 .2 8
B e n z o n i t r i l e 2 * 84 1 .63
B u tanone 2 . 7 4 1 .42
EthyD a c e t a t e 2 .4 6 1 .42 3 . 8 8
1 , 2 - B i c h l o r o e t h a n e 2 . 1 4 1 .4 4
E t h y l  b e n z o a t e 2 .0 3 1 .15 3 . 9 4
I o d o b e n z e n e 1 .63 0 . 8 9
T e t r a h y d r o f u r a n 1 .4 4 0 .9 3
Bromobenzene ■1.38 1.05
Benzene 1 .30 1 .0 7 2 . 2 8 1 .6 6
G h lo ro b e n z e n e 1 . 22 1.01 2 . 2 4 1 .50
M e s i t y l e n e 1 . 14
C y c lo h e x an e 1 .03 1 .3 4
n-Hexane 1 .00 1 .90
n - H e p ta n e 1.00
n -D ecane 1.52 1 .76
T o lu e n e 0 . 9 8 1 .10
D ic h lo r o m e th a n e 0 . 9 4 2 .0 6
1 , 1 - D i c h l o r o e t h a n e 0 . 8 8 1 . 44
Carbon  t e t r a c h l o r i d e 0 .8 3 1 . 23 1 . 54
C h lo ro fo rm 0 . 3 4 0 . 9 6
c o n t i n u e d . . .
T a b l e ( 2 .8 )  c o n t i n u e d .  
S o lv e n t E t I  Me .Sn Bu C l 4
1 , 1 , 2 , 2 - T e t r a c h l o r o e t h a n e  0 .1 2 5  0 .7 8
1 , 1 ,  1 - T r i c h l o r o e t h a n e  1 .1 0 ^  1 .23
E t h e r  2 .2 6
C y c lo h e x y l  c h l o r i d e  1 .6 3 ^  1 .00
C y c lo h e x y l  b rom ide  1 .5 3 ^  1 .02
A c e to n e  2 .1 0  7.
*bP r o p y le n e  c a r b o n a te  2 4 .5  3 .1 3
A c e t i c  a c i d  22,
H exadecan e  1,
98 2 . 4 5
0 6 .1 7
14
a  from  r e f . 54'; b from  r e f . 55; c c a l c u l a t e d  v a l u e s  from  
r e f . 57
2 . 2 . B* E n th a lp y  o f  s o l u t i o n . 
C a l o r i m e t r i c  m easurem ents*
' O ' .
To o b t a i n  AH , a  c y c l i c  p r o c e d u r e  can  be c o n s i d e r e d  s
a s  b e lo w .
AH.
S o l u t e
( l i q u i d )
S o l u t e  
( v a p o u r ) ,P
» r rOAh s
\
S o l u t i o n
x mol f r a c t i o n
The e n th a lp y  o f  s o l u t i o n  o f  t h e  g a se o u s  s o l u t e  ( AH°) 
may be c a l c u l a t e d  by e q u a t io n (2 ~ 1  5)
A H° = AH°(1) -  AH0s s v '  V ( 2 -1 5 )
w here  AH° i s  t h e  h e a t  o f  v a p o r i z a t i o n  o f  t h e  s o l u t e  and
AH° (1 )  i s  t h e  h e a t  o f  s o l u t i o n  o f  t h e  l i q u i d  s o l u t es
m easu red  by c a l o r i m e t r i c  m e th o d s .
R e a c t i o n  c a l o r i m e t r y  em braces  a  w ide  r a n g e  o f  e x p e r i m e n t a l  
i n v e s t i g a t i o n s  i n  w hich  e n th a lp y  c h a n g e s  f o r  a  c h e m ic a l  r e a c ­
t i o n  o r  s o l u t i o n  p r o c e s s  a r e  d e te r m in e d .
I n  a lm o s t  any p r o c e s s ,  w h e th e r  i t  i s  a cc o m p a n ie d  by a  
c h e m ic a l  r e a c t i o n  o r  n o t ,  h e a t  i s  a b s o r b e d  o r  l i b e r a t e d .  Such 
p r o c e s s e s  a r e  known a s  e n d o th e rm a l  an d  e x o th e r m a l  r e s p e c t i v e l y .
A c a l o r i m e t e r  i s  an  i n s t r u m e n t  w h ic h  e n a b l e s  a  h e a t  change  
to  be m easu red  q u a n t i t a t i v e l y ,  and t o  be  r e l a t e d  t o  t h e  amount 
o f  m a t e r i a l  t h a t  h a s  u n d e rg o n e  t h e  c h a n g e .
I n  m ost c a s e s ,  t h e  h e a t  e v o l u t i o n  o r  a b s o r p t i o n  i s  o b s e r v e d  
a s  a  change i n  t e m p e r a tu r e  o f  t h e  c a l o r i m e t e r  and  c o n t e n t s .
I t  i s  t h e n  n e c e s s a r y  to  d e te rm in e  i n  a  c o m p a r iso n  e x p e r im e n t  
t h e  amount o f  h e a t  t h a t  c a u s e s  an  i d e n t i c a l  c h an g e  i n  tem p e ­
r a t u r e  o f  t h e  c a l o r i m e t e r .  The m ost d i r e c t  way o f  a c h i e v i n g  
t h i s  i s  to  i n t r o d u c e  a  p r e c i s e l y  known am ount o f  e l e c t r i c a l  
e n e rg y .
5 9
C a lo r i m e t e r s  may be c l a s s i f i e d  i n  s e v e r a l  w a y s .  One 
m ethod o f  c l a s s i f i c a t i o n  i s  a c c o r d i n g  to  w h ic h  p h y s i c a l  
v a r i a b l e  a r e  k e p t  c o n s t a n t .  Thus n i s o t h e r m a l ” c a l o r i m e t e r s ,  
a s  t h e  name i m p l i e s ,  a r e  t h o s e  i n  w h ic h  t h e r e  i s  i d e a l l y  no 
t e m p e r a tu r e  change d u r i n g  t h e  e x p e r im e n t .  The g e n e r a l  u s a g e  
o f  t h e  te rm  i s o t h e r m a l  h e r e  i m p l i e s  c o n s t a n c y  o f  t e m p e r a t u r e  
w i t h  t im e  o f  any  p a r t  o f  t h e  c a l o r i m e t e r ,  r a t h e r  t h a n  t h e  
u n i f o r m i t y  o f  t e m p e r a t u r e  o v e r  t h e  c a l o r i m e t e r  a t  any  one  t i m e .  
Many i s o t h e r m a l  c a l o r i m e t e r s  u t i l i z e  a  p h a se  ch an g e  to  m a in ­
t a i n  c o n s ta n c y  o f  t e m p e r a t u r e  ( s e e  a l s o  r e f e r e n c e  5 9 ) .
A second  c l a s s  o f  c a l o r i m e t e r  i s  r e f e r r e d  to  a s  ” a d i a ­
b a t i c "  . An a d i a b a t i c  c a l o r i m e t e r  i s  one w hich  i d e a l l y  h a s  no 
h e a t  t r a n s f e r  a c r o s s  i t s  b o u n d a ry .  B ut i t  m ust be m en tio n ed  
t h a t  no p r a c t i c a l  c a l o r i m e t e r  i s  t r u l y  a d i a b a t i c .  A c a l o r i ­
m e te r  can  be made more a d i a b a t i c  by r e d u c in g  t h e  h e a t  
exchange  b e tw ee n  t h e  c a l o r i m e t e r  and i t s  s u r r o u n d i n g s .  The 
m ost w e l l  known ty p e  o f  c a l o r i m e t e r  i s  " c o n s t a n t  e n v iro n m e n t  
t e m p e r a tu re ^  D u r in g  an  e x p e r im e n t  w i th  su c h  a  c a l o r i m e t e r  
t h e r e  w i l l  be  some h e a t  exchange  be tw een  t h e  c a l o r i m e t e r  and 
i t s  s u r r o u n d i n g s .  I n  t h i s  c a se  t h e  t e m p e r a tu r e  s e n s o r  i s  a  
t h e r m i s t o r ,  and a  t e m p e r a tu r e  change  i n  t h e  c a l o r i m e t e r  v e s s e l  
would th u s  be o b s e rv e d  a s  a  r e s i s t a n c e  c h an g e .  I t  m ust be 
p o i n t e d  o u t ,  when u s i n g  a  t h e r m i s t o r ,  how ev er ,  t h a t  change  i n  
r e s i s t a n c e  i s  n o t  q u i t e  p r o p o r t i o n a l  to  change i n  t e m p e r a t u r e ,  
and t h i s  c a l l s  f o r  c e r t a i n  c o n s i d e r a t i o n s  when h e a t  c h an g e s  
a r e  to  be c a l c u l a t e d .
Among o t h e r  p o i n t s  w hich  m ust be c o n s id e r e d  a r e  t h e  
e l e c t r i c a l  c a l i b r a t i o n  p r o c e d u r e ,  e r r o r s  i n t r o d u c e d  by 
in c o m p l e t e l y  f i l l e d  am po u les  and h e a t  e f f e c t s  i n  c o n n e c t i o n  
w i th  am poule b r e a k i n g .  D e t a i l s  a b o u t  t h e  p r o c e d u r e  a r e  g iv e n  
i n  page  2*78 .
S a l u j a  and h i s  c o - w o r k e r s ^  hav e  r e c e n t l y  p u b l i s h e d  a  
p a p e r  on t h e  h e a t  o f  s o l u t i o n  ( A n ° ( l ) )  o f  q u i t e  a  l a r g e  
number o f  a lk a n e s  and a l k e n e s ,  and th e n  com bined them  w i th  
( AHy) to  c a l c u l a t e  t h e  h e a t  o f  s o l u t i o n  o f  th e  g a s e o u s  
compounds ( AH°) u s i n g  e q u a t io n  ( 2 - 1 5 ) .  T ab le  ( 2 . 9  ) showso
50some o f  t h e i r  d a t a .  K r i s h n a n  h a s  m easured  s o l v a t i o n  e n t h a l ­
p i e s  o f  h y d ro c a rb o n s  and no rm al a l c o h o l s  i n  h i g h l y  p o l a r  
s o l v e n t s , T a b l e ( 2 . 1 0 ) .
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2 .2 .C .  Entropy o f  s o l u t i o n .
I f  a  s o l u t i o n  i s  i d e a l ,  i n  t h e  s e n s e  o f  o b e y in g  R a o u l t* s
la w ,  t h e  p a r t i a l  change  i n  G ibbs f r e e  e n e rg y  ( AG®) c o r r e s ­
p o n d in g  to  t h e  t r a n s f e r  o f  a  mole o f  s o l u t e  from  t h e  p u re
l i q u i d  s t a t e  t o  a  l a r g e  amount o f  s o l u t i o n ,  i n  w h ich  i t s
mol f r a c t i o n  i s  ^  i s
AG° = RTlnXo ( 2 -1 6 )s  d
The c o r r e s p o n d in g  e n t r o p y  change i s
~ -  3AG®
AS° = --------^  = -R ln x  ' (2 -1 7 )
s 3T .
H i ld e b r a n d  d e f i n e d  a  r e g u l a r  s o l u t i o n  a s  one  i n v o l v i n g  
no e n t r o p y  change  when a  s m a l l  amount o f  one o f  i t s  com ponen ts  
i s  t r a n s f e r r e d  to  i t  from  an  i d e a l  s o l u t i o n  o f  t h e  same com­
p o s i t i o n ,  t h e  t o t a l  volum e r e m a in in g  u n c h an g e d .
Now, i f  t h e  s o l u t i o n  i s  r e g u l a r  and AS® = - R ln x 2
and f u r t h e r ,  i f  t h e r e  i s  no h e a t  o f  m ix in g ,  AH® = 0s
t h e n
p 2
—  = a„ = (2 - 1 8 )
c  • -
2
w hich  i s  R a o u l t ! s  law .
I n  e q u a t io n  (2 -1 8 )  d e n o te s  f u g a c i t y  ( a p p r o x i m a t e l y  
vaxjour p r e s s u r e ) ,  a 2 d e n o te s  t h e  a c t i v i t y  and x^ t h e  mol 
f r a c t i o n  o f  t h e  s o l u t e  i n  s o l u t i o n .  D e v i a t io n s  from  R a o u l t ' s
law  can  t h e n  be r e f e r r e d  to  th e  m ag n itude  o f  t h e  e n th a lp y
o f  s o l u t i o n .  A g e n e r a l  t h e o r y  o f  r e g u l a r  s o l u t i o n s ,  t h e n
d ep en d s  on  d i s c o v e r i n g  how to  c a l c u l a t e  t h e  e n t h a l p y  o f  .
s o l u t i o n  from  c h a r a c t e r i s t i c s  o f  t h e  p u re  com p onen ts .
E x p e r i m e n t a l l y ,  know ing AG° and Ah0 , t h e  e n t r o p ys s
o f  s o l u t i o n ,  AS0 , can  be c a l c u l a t e d  from  e q u a t io n  ( 2 - 1 9 ) .s
AH0 -  AG°
AS0 =  —
S T (2 -1 9 )
CHAPTER 3
THEORIES OE SOLUTION
3 .1  R e g u la r  s o l u t i o n  t h e o r y .
R e g u la r  s o l u t i o n  t h e o r y  h a s  "been m ost c o n s i s t e n t l y
2 3a p p l i e d  to  g a s  s o l u b i l i t i e s  by H i ld e b r a n d  * and  c o - w o r k e r s .  
They d e f i n e  r e g u l a r  s o l u t i o n s  a s  f o l l o w s :  11A r e g u l a r  s o l u t i o n  
i s  one  i n v o l v i n g  no e n t r o p y  change  when a  s m a l l  am ount o f  
one o f  i t s  com ponents i s  t r a n s f e r r e d  to  i t  from  a n  i d e a l  
s o l u t i o n  o f  t h e  same c o m p o s i t io n ,  t h e  t o t a l  vo lum e r e m a in in g  
u n c h a n g e d . n
T h e re  a r e  two e q u a t io n s  b a s e d  on  r e g u l a r  s o l u t i o n  t h e o r y  
f r e q u e n t l y  u se d  to  c a l c u l a t e  g a s  s o l u b i l i t i e s .  T he  f i r s t  i s
, 0 .4343V ? 2-
-  l o g x 2 = -  XogXg +    ( -  s? )
( 3 - 1 )
I n  t h i s  e q u a t io n  i s  t h e  mol f r a c t i o n  g a s  s o l u b i l i t y ,  
x? i s  t h e  i d e a l  g a s  s o l u b i l i t y  ( c a l c u l a t e d  from  R a o u l t ’s l a w ) ,  
V? i s  t h e  p a r t i a l  m o la l  volume o f  th e  g a s  i n  t h e  s o l u t i o n ,  
and th e  6*s a r e  s o l u b i l i t y  p a r a m e te r s  w here  t h e  s u b s c r i p t  1 
r e f e r s  to  t h e  s o l v e n t .  The s o l u b i l i t y  p a r a m e t e r ,  6 , so m e tim es  
r e f e r r e d  to  a s  t h e  c o h e s iv e  e n e rg y  d e n s i t y ,  i s  t h e  s q u a r e
3 0 i/r o o t  o f  t h e  e n e rg y  o f  v a p o r i z a t i o n  p e r  cm , 6 =( AH /V ) ,v
w here  AH° i s  t h e  m o la r  e n e rg y  o f  v a p o r i z a t i o n  and  V i s  t h e  
m o la r  vo lum e . F o r  s o l u t i o n s  w here  t h e  m o le c u le s  d i f f e r  i n  
s i z e  t h e  f o l l o w in g  e q u a t io n  i s  u se d
2
* i Vo 0 .4 3431 /0$ , o
-  l o g $ „  = -  Xogx; + 0 .4 3 4 3 ( 1 -  —  ) £  +  £ _ L (6  6 )^
V. ii'i' 1 ^
( 3 - 2 )
w here  $ i s  t h e  volum e f r a c t i o n  and i s  t h e  m o la r  volum e, 
o f  t h e  s o l v e n t .  B a t t i n o  h a s  s i m p l i f i e d  e q u a t i o n ( 3 - 2 )  by 
i n t r o d u c i n g  t h e  a p p r o x im a t io n
i V  V 0-4343V? 2
- l o g x ? = -logX p + l o g  -  + 0 .4 3 4 3 ( 1 -  — ) + ------------- - (  6 r
V. ST
( 3 -3 )
F o r  g a s e s  above  t h e i r  c r i t i c a l  t e m p e r a t u r e ,  t h e  t e rm s  x i  ,
5 ^ and V? a r e  e v a l u a t e d  by v a r i o u s  e x t r a p o l a t i o n s  and a p p r o ­
x i m a t i o n s .
6 "1 6 4C le v e r  e t  a l  h av e  a p p l i e d  r e g u l a r  s o l u t i o n  t h e o r y
to  r a r e  g a s  s o l u b i l i t i e s .  I n  T a b l e ( 3 .1 )  a r e  g iv e n  c a l c u l a t e d  
v a l u e s  o f  s o l u b i l i t y  p a r a m e te r  and i d e a l  s o l u b i l i t y  w hich  
h av e  b e en  o b t a i n e d  by C l e v e r . ^
2 QL in f o r d  and T h o r n h i l l  J  h av e  a p p l i e d  t h e  a p p ro a c h  w hich  
h a s  b e en  r e c e n t l y  p r e s e n t e d  by H i l d e b r a n d ^ ' ^ t o  p r e d i c t  t h e  
s o l u b i l i t y  and e n t r o p y  o f  g a se o u s  s o l u t e s  i n  a  r a n g e  o f  s o l ­
v e n t s .  T a b le  ( 3 .2 )  shows t h e i r  r e s u l t s  f o r  some s e l e c t e d  
s o l v e n t s .
aT a b l e ( 3 . l )  C a l c u l a t e d  v a l u e s  o f  s o l u b i l i t y  p a r a m e te r  
and  i d e a l  s o l u b i l i t y .
Gas
S o l u b i l i t y  
p a r a m e te r  
a t  n o rm al 
B .P .
C r i t i c a l  
vo lurae
cm3 .m o l - 1
C a l c u l a t e d
s o l u b i l i t y
p a ra m e te r
C a l c u l a t e d  
mol f r a c t i o n  
s o l u b i l i t y
He
Ne
Ar
K r
Xe
0 .5
4 .9
7 .0  
7 .5
8 .0
5 7 .7
4 1 .7  
7 5 .3  
92.1
1 1 3 .7
3 .2  
1 . 8
5 .5
6.6 
7 .5
0 .0 0 1 3 9
0 .0 0 1 8 0
0 .0 0 3 1 4
0 .0 0 6 5 9
0 .0 2 2 0 0
a  : r e f .  64 .
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3 .2  C e l l  p o t e n t i a l  and c a v i t y  m odels  ( S c a le d  P a r t i c l e  T h e o r y ) «
C n
U h l ig  h a s  p ro p o s e d  a  c a v i t y  m odel i n  w h ic h  he  c o n s i ­
d e re d  t h e  s o l u b i l i t y  p r o c e s s  to  t a k e  p l a c e  i n  two s t e p s .
F i r s t  he  assum ed t h a t  a  s p h e r i c a l  g a s  m o le c u le  o f  r a d i u s  
e n t e r s  t h e  s o l v e n t  and  a  s p h e r i c a l  c a v i t y  i s  p ro d u c e d  i n
t h e  s o l v e n t  o f  e s s e n t i a l l y  t h e  same r a d i u s  F i g . ( 3 . 1 ) .  The
2n e c e s s a r y  work to  p ro d u c e  t h i s  c a v i t y  i s   ^ i n  w h ic h
2i s  t h e  s u r f a c e  t e n s i o n  o f  t h e  s o l v e n t  and 4 71 r 2 i s  t h e  
i n c r e a s e  i n  t h e  a r e a  o f  t h e  s o l v e n t .
S econd , i n  a d d i t i o n  to  th e  s u r f a c e  t e n s i o n  t e r m ,  t h e r e  
a r e  e n e rg y  te rm s  w h ich  a r i s e  b e c a u s e  o f  i n t e r a c t i o n  o f  s o l ­
v e n t  and s o l u t e  m o le c u le s  and w hich  a c c o u n t  f o r  r e p u l s i v e  
o r  a t t r a c t i v e  f o r c e s  a t  t h e  i n t e r m o l e c u l a r  d i s t a n c e s  c h a r a c ­
t e r i s t i c  o f  m o le c u la r  s e p a r a t i o n  i n  l i q u i d s .
The change  i n  e n e rg y  o f  t h e  sy s te m  i n  t r a n s f e r r i n g  a  
m o le c u le  from  t h e  s o l v e n t  p h a se  to  a  low  p r e s s u r e  g a s  p h a se  
i s  g iv e n  by
AGs = ■ 4 it rjj y '.j -  G /  ( 3 - 4 )
w here G-^  i s  t h e  i n t e r a c t i o n  e n e r g y .
The e q u i l i b r i u m  c o n c e n t r a t i o n s  o f  s o l u t e  m o le c u l e s  i n  
t h e  two p h a s e s  can  be c a l c u l a t e d  by u s i n g  t h e  M a x w e l l - B o l t z -  
man d i s t r i b u t i o n  th eo re m  a s  f o l lo w s :
w here and C2 a r e  t h e  c o n c e n t r a t i o n s  o f  th e  g a s  m o le c u le s  
i n  t h e  s o l v e n t  and i n  t h e  g as  p h a se  r e s p e c t i v e l y ,  AG- i s  t h e
e n e rg y  d i f f e r e n c e  i n  t r a n s f e r r i n g  a  m o le c u le  from  t h e  s o l v e n t
to  t h e  g a s  p h a s e ,  k  i s  t h e  B o l tz m a n rs c o n s t a n t  and T i s  t h e  
a b s o l u t e  t e m p e r a tu re *
3 u t  —  = 1  ( 3 - 6 )
' C2 '
by d e f i n i t i o n  w here L i s  t h e  O s tw a ld  c o e f f i c i e n t  o f  s o l u b i l i t y  
w hich  i s  in d e p e n d e n t  o f  t h e  p r e s s u r e  when H e n r y !s law  i s  
obeyed  ( s e e  s e c t i o n  1 . 4 ) .  On s u b s t i t u t i n g  e x p r e s s i o n  (3 - 4 )  
f o r  AG- and L f o r  C !/ C ,  e q u a t io n  (3 - 7 )  i s  o b t a i n e d
-4tc r \ < i \  + G.
I n  1  = --------- 2— 3---------- i  ( 3 - 7 )
kT
U h l ig  t h e r e f o r e  p r e d i c t e d  t h a t  a  p l o t  o f  I n  L a g a i n s t
2^  would be a  s t r a i g h t  l i n e  w i th  s lo p e  o f  ~ 4 ^ / k T  and
i n t e r c e p t  G^/kT ( F i g . ( 3 . 2 ) )
C n
I n  p r a c t i c e ,  U h l ig  found  t h a t ,  by and  l a r g e ,  a g re e m e n t
?
m  t h e  v a l u e s  f o r  t h e  f r e e  e n e rg y  o f  s o l u t i o n  - 4 ^  r«  # + G-.2 1
c a l c u l a t e d  . f r o m  s u r f a c e  t e n s i o n  and t e m p e r a tu r e  d e p e n d e n c e  
o f  s o l u b i l i t y  i s  a s  good a s  t h e  s i m p l i f i e d  t h e o r y  w a r r a n t s .
F o r  many o f  t h e  g a s e s  l i s t e d  i n  T a b l e ( 3 .3 )  he  h a s  shown t h a t  
th e  c a l c u l a t e d  v a l u e s  a r e  w e l l  w i t h i n  t h e  e x p e c te d  e x p e r i m e n t a l  
e r r o r .
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T a b le ( 3  c 3) M ola l f r e e  e n e r g y ao f  s o l u t i o n  ■ from  s u r f a c e
t e n s i o n  d a t a . (  c a l .m o l  a t  2 9 3 *15K).
9 ~47r^r? + G.
Gas A t z t H  G.   ~
z
c a l c u l a t e d  o b s e rv e d
S o l v e n t : b e n ze n e  
K2 -1135  - 5 3 .7  -1 1 8 9  - 1 3 9 0
CO -10 30  67 .1  -963  -9 90
CH4 -9 8 4  645 -3 3 9  - 9 2
H2 -1 0 0 2  - 5 3 7  -1 5 3 9  - 1 8 4 0
He - 4 4 2 '  -16 10  -2052  -2850
Ne -472  -1 4 3 9  -1911 -2700
A -7 0 8  -161 - 8 6 9  - 1 0 0 0
0 2 - 9 9 8  110  - 8 8 9  -810
S o l v e n t : a c e t o n e
N2 -9 3 5  - 5 3 .7  -9 8 9  - 9 8 0
CO -8 4 7  67 .1  -8 0 7  -640
CH. -8 0 8  654 -1 5 4  92.
I! 2 -825  -537  -1 3 6 2  -1640
He -362  -.1610 -1 9 7 2 .  -3300
Ne -3 8 8  -1 4 3 9  -1827  -2000
A -582  -161 -743  -80 0
0 2 -8 1 9  110 -7 0 9  - 6 4 6
a  : r e f .67
/To r n
E le y  9 c o n s id e r e d  a  t w o - s t e p  p r o c e s s  s i m i l a r  to  t h a t  
o f  U h l i g ' s ,  h u t  was a b l e  to  c a r e f u l l y  e v a l u a t e  t h e  s e p a r a t e  
c o n t r i b u t i o n  o f  each  s t e p  to  t h e  e n e rg y  and e n t r o p y  c h an g e s  
i n v o lv e d ,  u s i n g  t h e  f o l lo w in g  e q u a t io n s
AG° = AG. + AG ( 3- 8)
As0 = As. + AS ( 3- 9)
w here  Ag. and AS a r e  t h e  e n e rg y  and e n t r o p y  c h a n g e sc c
a s s o c i a t e d  w i th  t h e  f o r m a t io n  o f  a  mole o f  c a v i t i e s  to
accom odate  t h e  g a s  m o le c u l e s ,  AG^ and AS^ a r e  t h e n  t h e
e n e rg y  and e n t r o p y  c h an g e s  o c c u r r i n g  when a  mole o f  g a s  i s
t r a n s f e r r e d  from  th e  g a s  p h a se  to  t h e s e  c a v i t i e s  i n  t h e
s o l v e n t .  He c a l c u l a t e d  Ag and AS by t h e  e q u a t i o n so c
fYAg = T -p- V2 ( 3- 10)
^ S c = - f  v2 ( 3 - 1 1 )
w here  oc i s  t h e  th e r m a l  e x p a n s io n  c o e f f i c i e n t  o f  t h e  s o l v e n t  
(3 i t s  c o m p r e s s i b i l i t y  and i s  t h e  p a r t i a l  m o la l  volum e o f  
t h e  g a s  i n  t h e  s o l v e n t .
H is  a p p ro a c h  showed r e a s o n a b l e  s u c c e s s  w i th  b o t h  w a t e r  
and o r g a n i c  s o l v e n t s ,  a l th o u g h  he  shows t h a t  t h e  c a s e  o f  
w a te r  i s  more c o m p l ic a te d  due to  t h e  p o s s i b i l i t y  o f  s t r u c ­
t u r a l  m o d i f i c a t i o n s .
15 16R e i s s  e t  a l  e x te n d in g  i d e a s  p r e v i o u s l y  a p p l i e d  to  t h e
s t a t i s t i c a l  m e c h a n ic a l  t h e o r y  o f  h a r d - s p h e r e  f l u i d s ,  o b t a i n e d  
an  e x p r e s s i o n  f o r  t h e  work o f  c r e a t i n g  a  s p h e r i c a l  c a v i t y  i n  
a  r e a l  f l u i d  a s  f o l lo w s
W(r ) = |  * r 3p + r 2g n ( 3 -1 2 )
w here  r  i s  t h e  c a v i t y  r a d i u s ,  p i s  t h e  p r e s s u r e  o f  t h e  f l u i d  
and ^  i s  i t s  s u r f a c e  t e n s i o n .  The f i r s t  t e rm  o n  t h e  r i g h t -  
hand  s i d e  o f  e q u a t i o n (3 -1 2 )  i s  t h e  volum e work e x p an d e d  i n  
c r e a t i n g  t h e  c a v i t y  o f  volum e 4n:r / 3 .  A f t e r  some m a th e m a t i c a l  
a n a l y s i s  he  c o n c lu d e d  t h a t
W( r )  = K0 + Ki r  + K2r2  + K3r 5  ( 3 - 13)
w here  K f s a r e  f u r c a t i o n s  o f  d e n s i t y  and t e m p e r a t u r e  and a r e  
d e te rm in e d  by t h e  e q u a t io n s
3
K = kT o
K = - ' M
1 &2
q  v  9  n TTpa9
- l n ( 1 - y )  + § (  ) 2 j ----------- g - l .  (3 -1 4 )
[ ~T=y" + 18( + ,l®a 2 (5 -1 5 )
K = S  r - H i L -  + 18( - X -  ) 2 1 -  2 TTpa ( 3 - 1 6 )
a ;  L 1 -v  1 -y  J 2
K3 = j n  p ( 3 - 1 7 )
•z
where  y  = 7 1  p / 6  , i s  t h e  s o l u t e  d i a m e te r  and  p  = u/V
i s  t h e  num ber d e n s i t y  o f  t h e  f l u i d , ,
S ys tem s su c h  a s  h e l iu m  i n  b e n ze n e  a r e  s u f f i c i e n t l y  c l o s e
to  t h e  m odel to  p e r m i t  an  e x p e r i m e n t a l  t e s t  o f  t h e  t h e o r e t i c a l
e x p re ss io n * , s i n c e  H e n r y 1 s law  c o n s t a n t s  may be o b t a i n e d  from
th e  above  e q u a t io n *  I n  a d d i t i o n ,  t h e  s u r f a c e  t e n s i o n  and t h e
n o rm al h e a t s  o f  v a p o r i z a t i o n  o f  f l u i d s  may be e v a l u a t e d .
15 16R e i s s  e t  a l  '  fo und  s a t i s f a c t o r y  a g re em e n t  b e tw e e n  c a l c u ­
l a t e d  and e x p e r im e n ta l  p r o p e r t i e s .
19-21P i e r o t t i  ^ l a t e r  d e v e lo p e d  a  m ethod , u s i n g  e q u a t i o n s
16d e r i v e d  by R e i s s  e t  a l  , f o r  c a l c u l a t i n g  t h e  r e v e r s i b l e  work
r e q u i r e d  to  i n t r o d u c e  a  h a rd  s p h e re  i n t o  a  f l u i d  and  f o r
p r e d i c t i n g  t h e  s o l u b i l i t y ,  t h e  h e a t  o f  s o l u t i o n ,  and  th e
p a r t i a l  m o la r  volume o f  s im p le  g a s e s  i n  n o n - p o l a r  s o l v e n t s .
He c o n s id e r e d  t h e  p r o c e s s  o f  i n t r o d u c i n g  th e  s o l u t e  m o le c u le
i n t o  t h e  s o l v e n t  a s  c o n s i s t i n g  o f  two s t e p s .
S te p  1 -  The c r e a t i o n  o f  a  c a v i t y  i n  t h e  s o l v e n t  o f  s u i t a b l e
s i z e  to  accom odate  t h e  s o l u t e  m o le c u le ,  t h e  r e v e r s i b l e  work
o r  p a r t i a l  m o le c u la r  G ibbs  f r e e  e n e rg y  (G ) r e q u i r e d  to  doc
t h i s  i s  i d e n t i c a l  w i th  t h a t  r e q u i r e d  to  i n t r o d u c e  a  h a rd  
s p h e re  o f  t h e  same r a d i u s  a s  t h e  c a v i t y  i n t o  t h e  s o l u t i o n .
S te p  2 -  The i n t r o d u c t i o n  i n t o  t h e  c a v i t y  o f  a  s o l u t e  m o le ­
c u le  w hich  i n t e r a c t s  w i th  t h e  s o l v e n t  a c c o r d i n g  to  some 
p o t e n t i a l  la w , f o r  i n s t a n c e  a  L e n n a r d - J o n e s  (6 - 1 2 )  p a i r w i s e  
p o t e n t i a l .  The r e v e r s i b l e  work h e r e  (G^) i s  i d e n t i c a l  w i th  
t h a t  o f  c h a r g in g  t h e  h a rd  s p h e re  o r  c a v i t y  i n t r o d u c e d  i n
s t e p  1 to  t h e  r e q u i r e d  p o t e n t i a l .  I f  t h e  c a v i t y  s i z e  i n  
s t e p  1 w ere  p r o p e r l y  c h o se n  t h e r e  n e ed  he no change  i n  t h e  
s i z e  o f  t h e  c a v i t y  upon  c h a r g i n g .
P i e r o t t i  f i r s t  s e t  up  e q u a t io n s  (3 -1 8 )  and ( 3 -1 9 )  
w hich  r e l a t e  t h e  o b s e r v e d  f r e e  e n e rg y  and e n th a lp y  o f  s o l u t i o n  
to  t h e  c a l c u l a t e d  c a v i t y  and i n t e r a c t i o n  t e r m s .
AG° = G + G. + RTln(RT/V,) ( 5 -1 8 )
S  C l
H n K *  _ 2
A H° = -  ■■•— —5 -  = H + Hr  ffl + a  ET ( 3 -1 9 )
0  1/RT p
I n  e q u a t i o n  ( 3 - 1 8 ) ,  t h e  te rm  RTln(RT/Yf) i s  i n t r o d u c e d  j u s t
a s  a  c o r r e c t i o n  te rm  when t h e  H en ry*s  law  c o n s t a n t  i s  i n
-1u n i t s  o f  a tm .(m o l  f r a c t i o n )  . S i m i l a r l y ,  t h e  te rm s  -RT +
oc .^RT i n  e q u a t io n  ( 3 -1 9 )  a r e  a l s o  c o r r e c t i o n  t e r m s ,  a p
b e in g  t h e  c o e f f i c i e n t  o f  th e r m a l  e x p a n s io n  o f  t h e  s o l v e n t .
The a c t u a l  c a l c u l a t i o n  o f  t h e  c a v i t y  t e r m s ,  G  and  Hc c
and t h e  i n t e r a c t i o n  te rm s  G .  and H. was c a r r i e d  o u t  byl  l
P i e r o t t i  a s  f o l l o w s .
3 .3  The e x p r e s s i o n  f o r  G .
The p a r t i a l  m o la r  G-ibbs f r e e  e n e rg y  o f  c r e a t i n g  a  c a v i t y
A f
i n  a  f l u i d  o f  h a rd  s p h e re  was d e r i v e d  by R e is s  e t  a l  who 
o b t a i n e d  f o r  p r e s s u r e s  a ro u n d  a tm o s p h e r i c ,  t h e  e x p r e s s i o n
E q u a t io n  (3 -2 0 )  i s  t h e  s i m p l i f i e d  fo rm  o f  e q u a t i o n  (3 -1 3 )*
H ere  y = ( 7T ^  p / 6 ) , p  b e in g  t h e  m o le c u la r  d e n s i t y  (n/V ^ )  . 
o f  t h e  f l u i d ,  w here  N i s  A v o g a d ro fs num ber. The h a r d - s p h e r e  
d i a m e t e r  o f  a  s o l v e n t  m o le c u le  i s .  d e n o te d  by  C \j; t h e  d i a m e t e r  
o f  a  c a v i t y  to  be c r e a t e d  i s  r a d i u s  o f  t h e  s p h e r e
w hich  e x c lu d e s  t h e  c e n t r e s  o f  t h e  s u r r o u n d in g  h a r d  c o re  
m o le c u le s  i s  t h e n  ^  +
3*4 The e x p r e s s i o n  f o r  c L .
The e n e rg y  o f  i n t e r a c t i o n  b e tw een  two m o le c u l e s ,  i f  
h a v in g  a  p e rm a n eh e t  e l e c t r i c  d i p o l e  moment ( p o l a r i z a b l e  p o l a r  
s o l u t e  w i t h  a  p o l a r i s a b l e  p o l a r  s o l v e n t ) ,  was c o n s i d e r e d  
by P i e r o t t i 2*5' to  be g iven by e q u a tio n  (3 -21).
Gf. = -RT
3.
w here
16
*
d i s
3kT
* *8( e + e , .  ) v m d  d i p 7
kT
* TfpC,
6 a
i
12
( 3 -2 1 )
( 3 - 2 2 )
and i  = d i s . ,  i n d .  and d i p .  These r e f e r  to  th e  d i s p e r s i o n ,  
th e  in d u c t iv e  and th e  d ip o le - d ip o le  i n t e r a c t i o n  r e s p e c t i v e l y .
By s u b s t i t u t i n g  N/V^ f o r  p i n  e q u a t io n  (3 -2 2 )  we have
* ttNC.
e ■ =  1 ( 3 -2 3 )
6V1
7  <J
I n  t h i s  e q u a t i o n  N i s  A v o g a d ro *s  num ber, V^(cm mol ~ )
/ ' ■ 
i s  t h e  m o la r  volum e o f  t h e  s o l v e n t , c f^  = ( O'-}* C ^ ) / ^
( and  < 2^ a r e  s o l v e n t  and s o l u t e  m o le c u le  d i a m e t e r s )
and i s  a  com bined e x p r e s s i o n  f o r  d i s p e r s i v e ,  i n d u c t i v e
and r e p u l s i v e  f o r c e s  w h ich  a r e  c a l c u l a t e d  a s  f o l l o w s .
The v a lu e  o f  ■ may be e s t im a t e d  by means o f  th e  Kirk*
w o od-M u lle r  e q u a t io n
a,j o^ >
C„M = 6mo2 ----------------------------------- ( 3 - 2 4 )
( a 1/ X 1) + ( a  2/ X 2)
—27w here  m i s  t h e  mass o f  a n  e l e c t r o n  (0 .9 1 0 8 3 x 1 0  g) , c i s
t h e  v e l o c i t y  o f  l i g h t  (2 . 9 9 7 9 3 x 1 0 ^ c m .s ” 1) ,  a  and
a r e  m o le c u la r  p o l a r i z a b i l i t i e s  o f  t h e  s o l v e n t  and  s o l u t e  
r e s p e c t i v e l y  and  y (  ^ and  %  ^  a r e  t h e  m o le c u la r  s u s c e p t i b i ­
l i t i e s  o f  t h e  s o l v e n t  and  s o l u t e .
A l t e r n a t i v e l y ,  C ^ s may be e v a l u a t e d  i n  t e r m s  o f  t h e  
e m p i r i c a l l y  d e te rm in e d  L e n n a rd - J o n e s  ( e q u a t i o n  ( 6 - 1 2 ) )  
e n e rg y  p a r a m e te r s  u s i n g
CL -J  4 £ 1 2 CT12 4( e n ) V z  [ ( f f i + <r2 ) / 2 ]  6 ( 3 " 25)
w here  e  ^ and e 2 a r e  t h e  e n e rg y  p a r a m e t e r s  f o r  t h e  s o l v e n t
y
and s o l u t e ,  r e s p e c t i v e l y  and “ C
The v a lu e  an(  ^ a r e  g iv e n  by  v
c -  ^m d
ou. *  * < x  
*1 2
a (3 - 2 6 )
CdiP |  , i 2 *H 2 / k l (3 -2 7 )
w here  and  |i ■ a r e  t h e  d i p o l e  moments o f  t h e  s o l v e n t
1 "i
and s o l u t e  and k=1 .38054x10~  e rg .K ~  ( B o l t z m a n 's  c o n s t a n t )  
The s i m p l i f i e d  fo rm s o f  (K a s  c a l c u l a t e d  b y  means o f  
t h e  K irk w o o d -M u lle r  and L e n n a r d - J o n e s  p o t e n t i a l  p a r a m e t e r  
e q u a t io n ( 6 - 1 2 )  a r e  a s  f o l lo w s
1 .  U s in g  0K_M
G. = RTl
d i s
3kT
, *- -x- t
8( e - o + e  ^ . )1v i.nd d ip  1
kT
2 .  U s in g
(3 - 2 8 )
G 9 .6 9 6 3 -1 0
40
V ° 1 2 ( S 1 e 2 ) I
* *
-  8R( )
(3-29)
20P i e r o t t i  p l o t t e d  t h e  lnK„ a g a i n s t  t h e  a  ( p o l a r i z a b i
n
1'i.ty) o f  t h e  r a r e  g a s e s  u s i n g  e x p e r i m e n t a l  d a t a  and e x t r a ­
p o l a t e d  to  z e ro  p o l a r i z a b i l i t y  t o  o b t a i n  a  h a r d - s p h e r e  
s o l u b i l i t y  w h ich  can  t h e n  be com pared  w i th  s o l u b i l i t i e s  
c a l c u l a t e d  fro m  t h e  t h e o r y ,  F i g . ( 3 . 3 )
• / •
S o l v e n t
co
C H ,
1-16
C O j
C j H .
4310 o
F i g . ( 3 .3 )  A t y p i c a l  I n  K v s .  c C  ■ c u r v e .  The f i l l e d  
c i r c l e s  a r e  t h e  r a r e  g a s e s .
By p l o t t i n g  t h e  c o l l i s i o n  d i a m e t e r s  o f  t h e  r a r e  g a s e s  
a g a i n s t  t h e i r  p o l a r i z a b i l i t i e s  and  e x t r a p o l a t i n g  t o  z e r o  
p o l a r i z a b i l i t y  a  h a r d - s p h e r e  d i a m e t e r  ( 2 « 58?i) c o r r e s p o n d i n g  
t o  t h e  e x t r a p o l a t e d  h a r d - s p h e r e  H e n r y k  la w  c o n s t a n t  may b e  
e v a l u a t e d , P i g . ( 3 .  4) *
&3o 1
2
P i g * (3 * 4 )  The c o r r e l a t i o n  o f  t h e  c o l l i s i o n  d i a m e t e r s  o f  
t h e  r a r e  g a se s  w i th  t h e i r  p o l a r i z a b i l i t i e s .
The t h e o r y  a l s o  y i e l d s  h e a t s  o f  s o l u t i o n s  ancl p a r t i a l  
in o la l  v o lu m es  o f  t h e  g a s  i n  s o l u t i o n  and  t h e  e n t r o p y  o f  
s o l u t i o n .
The e n th a lp y  o f  s o l u t i o n  i s  g iv e n  by e q u a t io n  (3 -1 9 )  
w here  Ec i s  g iv e n  by
Hc y t t p R ^ O - y ) - 3 ! 0 - y ) 2+ 3 ( l - y )  ^  + 3 ( l + 2 y ) (  i ^ - ) 2  ^ +
y V
(3 -3 0 )
i n  w hich  0Cp i s  t h e  th e r m a l  e x p a n s io n  c o e f f i c i e n t  o f  t h e  
s o l v e n t .
The p a r t i a l  e n th a lp y  o f  s o l u t i o n ,  i s  assum ed to  be  
e q u a l  to  5 ^ .  T h is  a s s u m p t io n  am ounts to. a ssu m in g  t h e  e n t r o p y  
change  a s s o c i a t e d  w i th  t h e  c h a r g in g  o f  t h e  c a v i t y ,  1  , i s  
z e r o ,  w hich  i s  c e r t a i n l y  n o t  c o r r e c t  and iiL s h o u ld  be a  
s m a l l  n e g a t i v e  q u a n t i t y .
The m o la r  e n t r o p y  o f  s o l u t i o n  i s  g iv e n  by
AS
AH° -  AG°s s Sc + Si  -  R ln (  ) + a p RT -  R
(3 - 3 1 )
s T
w here  S = (H -  G ) /  T c c c x ( 3 - 3 2 )
The m o la r  h e a t  c a p a c i t y  o f  s o l u t i o n  i s
ACp = Cc + Ci  -  R + 2 a  pRT + RT2 ( b  a p/  2>T)p
(3-33)
w here
Cc = [ 2 /T  -  <xp + a " 1 ( K p/ b  T )p ]  Hc -
2 ,
r [  y  « p T / ( l - y ) 2 ] [ ( l - y ) 2 ]  + 6 (1 -y )  ( %  + 3 (4 y + 5 ) (
(3 -3 4 )
and  C i  = a^R p (3 - 3 5 )
The p a r t i a l  m o la r  volum e o f  t h e  s o l u t e  a t  i n f i n i t e  
d i l u t i o n  i s  g iv e n  by
V  = ? c + f i  + 3 t ,RT ( 3 - 3 6 ) ; '
w here  (3^ i s  t h e  i s o t h e r m a l  c o m p r e s s i b i l i t y  o f  t h e  s o l v e n t  
and
Vc = 8 2 . 0 5 (  P T/ a p ) ( l l c/RT) + N/rtf^/6
( 3 . 3 7 )
and
\  = V 5 i  ( 3 - 3 8 )
I n  T a b l e ( 3 . 4 )  t h e  p r o p e r t i e s  and p a r a m e t e r s  o f  some s o l u t e s  
w hich  a r e  t a k e n  from r e f e r e n c e  19  a r e  shown*
T a b l e ( 3 . 4 ) P r o p e r t i e s  and p a r a m e t e r s  f o r  some s o l u t e s .
S o l u t e *2 (») • £2/ k ( ° k )
. 3( cm. mol
H a rd  s p h e r e 2 . 5 8 0 0
He 2 .6 3 6 .0 3 0 . 2 0 4
Ne 2 . 7 8 3 4 . 9 0 .3 9 3
Ar 3 .4 0 122 1 .63
K r 3 . 6 0 171 2 .4 6
Xe 4 .1 0 221 4 . 0 0
Rn 4 .3 6 290 5 . 8 6
H2 2 .8 7 2 9 . 2 0 .8 0 2
N2 3 .7 0 95 1 .7 4
° 2 3 . 4 6 118 1 .5 7
CO 3 .7 6 100 1 .93
NO 3 .1 7 131 1 . 7 0
c h4 3 .82 137 2 .7 0
c f 4 4 .7 0 153 2 .5 3
CC1 4 5 . 8 8 327 1 0 . 1 0
° 2K2 4 . 2 2 185 3 .1 9
C2H4 4 .2 3 205 3 .7 0
C2K6 4 .42 230 4 .2 3
5 .2 7 440 9 .8 9
I n  T a b l e ( 3 . 5 )  H e n r y ’s law  c o n s t a n t s  and G ibbs  f r e e
1 q
e n e r g i e s  o f  s o l u t i o n  a t  2 9 8 . 1 5K c a l c u l a t e d  by P i e r o t t i  a r e  
g i v e n .
s o l u t i o n
S o l u t e
i n  w a t e r
104K*
C a l c .
a t  2 9 8 . 15K.
atmT^
Obs.
AG°
S
C a l c .
k e a l . m o l  
O b s .
- 1
He 10.40 14.71 . 6 .82 7 . 0 4
Ne 6 .1 8 1 2 . 3 6 6 .5 3 6 .9 3
Ar 3 . 1 0 4 .1 0 6 . 1 1 6 .2 7
K r 1 .23 2 .3 5 5 .7 0 5 .9 3
Xe 1 . 0 0 1 .30 5 .4 5 5 . 6 0
Rn 0 .4 5 3 0 .6 0 5 5 . 0 0 5 .1 3
He 6 . 5 8 7 .1 0 6 .55 6 . 60
N2 8 .35 8 .63 6 .5 9 6.61
° 2 4 . 1 0 4 .3 9 6 .2 7 6.31
CO 9 .0 5 5 .82 6 .75 6 . 4 8
HO 1 .60 2 .8 9 5 .7 3 6 . Q 6
c h 4 3 .9 4 3 .92 6 .2 5 6 .2 5
c f 4 1 6 .8 2 7 . 6 7.11 7 .4 0
c c i 4 0 . 2 7 6 0 .1 5 7 4 .7 0 4 .3 5
-C2H? . 3 . 1 0 0 .1 3 4 6 . 1 1 4 .2 6I 
^1-rH H—tCM
O
1 .75 1 .1 4 5.81 5 .5 2
g2h 6 1 . 3 8 2 .9 0 5 .6 5 6 .0 5
CrHfiO D 0 . 0 2 0 0 . 0 3 6 3 .1 3 3 . 4 9
20P i e r o t t i  h a s  a l s o  c a l c u l a t e d  t h e  v a l u e s  o f CXj f rom
t h e  h e a t o f  v a p o r i z a t i o n  o f  t h e l i q u i d  u s i n g  e q u a t i o n
AHV = RT + otpRT2 |  ( 1+2y)2 / ( 1 ~y ) 3 J ( 3 - 3 9 )
70-72More r e c e n t l y  Moura Ramos h a s  i n t r o d u c e d  a n o t h e r
way o f  c a l c u l a t i n g  t h e  f r e e  e n e rg y  o f  c a v i t y  f o r m a t i o n  (Ag° )  
a s  f o l l o w s
Gcav  = 9 *761K2 ' V2 ^ 1 c a l . m o l -1
(3-40)
3 -1 t f
where  mol ) i s  t h e  m o la r  volume o f  t h e  s o l v e n t ,  %  ^
—1(d y ne .cm  ) i s  t h e  s o l v e n t  s u r f a c e  t e n s i o n  a t  2 9 8 . 15K and
p
K0 i s  a  c o n s t a n t  which  i s  fo un d  by e q u a t i o n  ( 3 - 4 1 )
kg = 1 + O q / V g ) 2-/3 ^  -  1) ( 3 - 4 1 )
3 —1H e r e ,  Y^Ccm .mol ) i s  t h e  m o la r  volume o f  t h e  s o l v e n t ,
n
and i s  a  c o n s t a n t  c a l c u l a t e d  t h r o u g h  e q u a t i o n  ( 3 . 4 2 ) .
■ „ AG° + RTln(V /V )4 = —1— T r r t - 1 -  ( 3 ~ 4 2 )1 9 .761 v f  * * 1
w here  i s  t h e  f r e e  e n e rg y  o f  v a p o r i z a t i o n  o f  t h e  s o l v e n t
g i v e n  by
Ag°  = -R T ln P °atm) ( 3 - 4 3 )
3 —1and V = 2 4 4 6 5 (cm .mol ) i s  t h e  m o la r  volume o f  one  mole  o f  
S
gas  a t  2 9 8 1 . 5K and 1 a tm .
Ramos h a s  u se d  e q u a t i o n  (3 - 4 4 ) ,  o b t a i n e d  p r e v i o u s l y  by 
73S in a n o g lu  to  c a l c u l a t e  t h e  e n t h a l p y  o f  c a v i t y  f o r m a t i o n .
h 0„ -
rH
* H i  ! .  2 “ e
1 ( i!-| ^ T  ^ 3
(3-44)
H ere  i s  c o n s t a n t  and i s  c a l c u l a t e d  a s  f o l l o w s
4  = 1 + (V i /V 2 ) 2/ 3 (Kf  -  1 ) ( 3 - 4 5 )
I n  e q u a t i o n  ( 3 - 4 4 )  i ^  T i s  t h e  change  i n  s u r f a c e  t e n s i o n
w i t h  t e m p e r a t u r e ,  <&p i s  t h e  t h e r m a l  e x p a n s i o n  c o e f f i c i e n t
Ho f  t h e  s o l v e n t ,  and i s  c o n s t a n t  and i s  o b t a i n e d  t h r o u g h  
e q u a t i o n  ( 3 - 4 6 )
KH
AH
9.761V 2 /31
TM 1 - 
( %
) 2T eV
( 3 - 4 6 )
I n  t h e  a p p l i c a t i o n  o f  t h e s e  e q u a t i o n s ,  Moura Ramos 
makes no a t t e m p t  t o  c a l c u l a t e  t h e  i n t e r a c t i o n  e f f e c t s ,  b u t  
d e d u c e s  t h e  l a t t e r  t h r o u g h  e q u a t i o n  o f  t h e  t y p e
G Gcav  + Girrfc ( 3 - 4 7 )t o t a l
I f  i s  known ( a s  an o b s e r v e d  q u a n t i t y )  and G^av
can  be  c a l c u l a t e d ,  t h e n  G. . may be  d e d u c e d .xn t
U n f o r t u n a t e l y ,  t h e r e  h a s  b e en  no a t t e m p t  t o  compare t h e  
c a v i t y  o r  i n t e r a c t i o n  te r ra s  o b t a i n e d  u s i n g  t h e  P i e r o t t i  o r  
Moura Ramos m ethods  w i t h  each  o t h e r ,  so t h a t  i t  i s  n o t  a t  
a l l  c l e a r  i f  t h e  two m ethods  g i v e  r i s e  to  s i m i l a r  r e s u l t s  
o r  to  w i d e l y  d i f f e r e n t  r e s u l t s .
CHAPTER 4
SOLVENT EFFECTS ON THE RATE OF REACTIONS.
4.1  E x p o s i t i o n .
The s o l v e n t  e f f e c t  on  r e a c t i o n  r a t e s  was s y s t e m a t i c a l l y  
i n v e s t i g a t e d  by M e n s c h u t k i n ^  (1890)  who m easu red  a t  373K 
t h e  r a t e  c o n s t a n t  f o r  t h e  r e a c t i o n  o f  t r i e t h y l a m i n e  w i t h  
e t h y l  i o d i d e  i n  22 v a r i o u s  s o l v e n t s .  He fo un d  a  w ide  r a n g e  
o f  r a t e s ,  t h e  f a s t e s t  r e a c t i o n s  h a v i n g  a  r a t e  c o n s t a n t  a b o u t  
750 t i m e s  t h a t  o f  t h e  s l o w e s t .  The o r d e r  can  be b r i e f l y  
shown a s  MeOH >  EtOH >  Me2C0 >0gHg > C ^ H ^  t S o l v e n t
e f f e c t s  o f  t h e  above m ag n i tu d e  a r e  q u i t e  common, i n  some
9 75c a s e s  f a c t o r s  a s  h i g h  a s  10 have  b e e n  o b s e r v e d .
M e n s c h u t k i n ^  s u g g e s t e d  t h a t  t h e r e  was a  r e l a t i o n s h i p
b e tw ee n  t h e  r a t e  o f  r e a c t i o n  and t h e  s t r u c t u r e  o f  t h e  s o l v e n t .
The i m p o r t a n c e  o f  t h e  M e n sc h u tk in  r e a c t i o n  a s  a  c l a s s i c
example  o f  a  r e a c t i o n  b e tw een  two n e u t r a l  m o l e c u l e s  i s
r e f l e c t e d  i n  t h e  l a r g e  number o f  s u b s e q u e n t  i n v e s t i g a t i o n s .
75 -90I n  t e r m s  o f  s o l v e n t  e f f e c t s ,  e x t e n s i v e  d a t a  were  o b t a i n e d
f o r  s e v e r a l  k i n d s  o f  M e n sc h u tk in  r e a c t i o n s .
91Abraham h a s  r e v ie w e d  t h e  s o l v e n t  e f f e c t  on  t h e  r a t e  
o f  r e a c t i o n s  i n  which  o n l y  n e u t r a l  s p e c i e s  a r e  i n v o l v e d  a s  
r e a c t a n t s .
I n  t h e  p a s t  t h e  c l a s s i c a l  method o f  s t u d y i n g  s o l v e n t  
e f f e c t s  on r e a c t i o n  r a t e s  have b een  t o  a t t e m p t  t o  c o r r e l a t e  
v a l u e s  o f  logk ( o r  o f  AO^) f o r  a  g i v e n  r e a c t i o n  i n  a  s e t  o f  
s o l v e n t s  w i t h  some p h y s i c a l  p a r a m e t e r  c h a r a c t e r i s t i c  o f  t h e  
s o l v e n t .  Such p a r a m e t e r s  have i n c l u d e d  d i e l e c t r i c  c o n s t a n t
d i p o l e  moment, v i s c o s i t y  and s o l u b i l i t y  p a r a m e t e r s , .  More 
r e c e n t l y ,  s p e c t r o s c o p i c a l l y  d e t e r m i n e d  p a r a m e t e r s  (Z ,  E^) 
’’p a r a m e t e r s  c o n s i d e r e d  t o  r e f l e c t  s o l v e n t  a c i d i t y ,  b a s i c i t y  
e t c * ” have  b e en  w i d e ly  u s e d  i n  t h e  c o r r e l a t i o n  o f  r e a c t i o n  
r a t e s *
W ith  t h e  a d v e n t  o f  t h e  t r a n s i t i o n - s t a t e  t h e o r y ,  i t
became p o s s i b l e  t o  d i s s e c t  s o l v e n t  e f f e c t s  on  r e a c t i o n  r a t e s
n o
i n t o  i n i t i a l - s t a t e  and t r a n s i t i o n - s t a t e  c o n t r i b u t i o n s ?  I n
p r i n c i p l e ,  t h e  s o l v e n t  e f f e c t  on  any  a c t i v a t i o n  p a r a m e t e r
( e . g .  G- , H , S , V , C ) may be  d i s s e c t e d  i n t o  i n i t i a l - s t a t e
P
and t r a n s i t i o n  s t a t e  c o n t r i b u t i o n s ,  b u t  i t  i s  t h e  f r e e  e n e r g y
f u n c t i o n  t h a t  i s  r e l a t e d  d i r e c t l y  t o  t h e  a c t u a l  r a t e  c o n s t a n t  .
F o r  a  b i m o l e c u l a r  r e a c t i o n  b e tw e e n  n e u t r a l  s p e c i e s  A
and B g o in g  t h r o u g h  a  t r a n s i t i o n  s t a t e  ( f r )  t o  p r o d u c t s ,  i t  
91may be shown from t r a n s i t i o n - s t a t e  t h e o r y
A + B ------- > [ T r^  ] ——> P r o d u c t s  ( 4 - 1 )
t l i a t  k Y A’YB
k o Yl'r
( 4 - 2 )
where  k i s  t h e  r e a c t i o n  r a t e  c o n s t a n t  and k i s  t h e  r a t eo
c o n s t a n t  u n d e r  a  s t a n d a r d  s e t  o f  c o n d i t i o n s  i n  w h ich  1 . =
xx
Y b "  ^  f r  ~  ^ ; i s  t h e  a c t i v i t y  c o e f f i c i e n t  o f  s p e c i e s  
i .  E q u a t i o n  ( 4 - 2 )  i s  v a l i d  no m a t t e r  w h e t h e r  s p e c i e s  A an d  
B a r e  n o n - e l e c t r o l y t e s  o r  a r e  c h a r g e d  s p e c i e s .  I n d e e d ,  P a r k e r  
and h i s  c o - w o r k e r s  h ave  a p p l i e d  e q u a t i o n  ( 4 - 2 )  t o  num erous
93
c a s e s  i n  which  e i t h e r  A o r  B i s  a  c h a rg e d  s o l u t e *  F o r  t h e  
p r e s e n t  p u r p o s e ,  h o w ever ,  o n l y  r e a c t i o n s  i n  w h ich  n o n - e l e c ­
t r o l y t e s  a r e  t h e  r e a c t a n t s  w i l l  be c o n s i d e r e d .  Then i f  b o th  
A and B a r e  n o n - e l e c t r o l y t e s  and  i f  t h e  r a t e  c o n s t a n t  k  and
k a r e  e x p r e s s e d  i n  t e r m s  o f  t h e  mol f r a c t i o n  s c a l e ,  Y. i n  o 1
e q u a t i o n  ( 4 - 2 )  i s  s im p ly  t h e  t e r m i n a l  v a l u e  o f  R a o u l t ’s  law  
a c t i v i t y  c o e f f i c i e n t ,  Y*°, a s  d e f i n e d  i n  e q u a t i o n  ( 1 —10)
Of c o u r s e ,  i s  p u r e l y  a  h y p o t h e t i c a l  q u a n t i t y ,  b u t  Y
and Y-g can  b o t h  be  m easu red  by  t h e  m ethods  o u t l i n e d  i n  
c h a p t e r  2 .  The p ro b lem  o f  p r e d i c t i n g  s o l v e n t  e f f e c t s  on 
r e a c t i o n  r a t e s  i s  t h u s  t r a n s f e r r e d ,  v i a  e q u a t i o n  ( 4 - 2 ) , i n t o  
t h e  p ro b lem  o f  p r e d i c t i n g  s o l v e n t  e f f e c t s  on t h e  R a o u l t f s 
law  a c t i v i t y  c o e f f i c i e n t  o f  t h e  r e a c t a n t s  and t h e  t r a n s i t i o n  
s t a t e .  The v a r i o u s  t h e o r i e s  t h a t  have  b e en  u s e d  t o  c o r r e l a t e  
and p r e d i c t  r e a c t i o n  r a t e s  i n v o l v i n g  n o n - e l e c t r o l y t e s  a r e  
t h e r e f o r e  o f t e n  t h e  same t h e o r i e s  t h a t  h ave  b e e n  u s e d  t o  
d e a l  w i t h  t h e  p ro b lem  o f  s o l v e n t  e f f e c t s  on n o n - e l e c t r o l y t e s  
t h e m s e l v e s .
S i n c e  t h e  work o f  M e n s c h u t k i n ^  i n  1890,  t h e r e  h ave  b e e n  
a  v e r y  l a r g e  number o f  i n v e s t i g a t i o n s  i n t o  s o l v e n t  e f f e c t s  o f  
numerous d i f f e r e n t  r e a c t i o n s  o f  n o n - e l e c t r o l y t e s .  I n  o r d e r  t o  
d e a l  i n  some d e t a i l  w i t h  t h e  v a r i o u s  p ro b le m s  i n v o l v e d ,  i t  i s  
n e c e s s a r y  to  r e s t r i c t  t h i s  c h a p t e r  to  one o r  two p a r t i c u l a r  
r e a c t i o n s  o n l y .  As an example o f  a  b i m o l e c u l a r  r e a c t i o n  
b e tw een  n o n - e l e c t r o l y t e s ,  t h e  M e n sc h u tk in  r e a c t i o n  o f  t e r t i a r y  
am ines  w i t h  e t h y l  h a l i d e s  (A = R^N and B = RX) h a s  b e e n
w id e ly  s tud ied ,*  s i m i l a r l y ,  t h e  b e s t  known example  o f  u n i -
m o l e c u l a r  r e a c t i o n s  o f  n o n - e l e c t r o l y t e s  a r e  t h e  s o l v o l y s e s
o r  d e c o m p o s i t i o n s  o f  t h e  t e r t i a r y - b u t y l  h a l i d e s  (A = t - B u X ) ,
and a t t e n t i o n  w i l l  be c o n c e n t r a t e d  on  r e c e n t  work on t h e s e
two t y p e s  o f  r e a c t i o n s .
91Abraham ' i n  h i s  r e v i e w  h a s  shown t h e  c o r r e l a t i o n  o f  
r e a c t i o n  r a t e s  o f  t h e  above  two r e a c t i o n s  w i t h  v a r i o u s  s o l v e n t  
p a r a m e t e r s  su ch  a s  t h e  s o l v e n t  d i e l e c t r i c  c o n s t a n t ,  a s  
( e ' -  1 ) / ( 2 e  + 1 ) ,  t h e  s o l u b i l i t y  p a r a m e t e r s ,  ^ and  s p e c ­
t r o s c o p i c  p a r a m e t e r s  o f  s o l v e n t  p o l a r i t y  ( Z ,E ^ ) ;  h i s  c o n c l u s i o n s  
a r e  summarised  i n  T a b l e ( 4 .1.) .
T a b l e ( 4 . 1 )  Com parison  o f  p r e d i c t e d  and o b s e r v e d  l i n e a r  
c o r r e l a t i o n s  o f  r e a c t i o n  r a t e s  w i t h  s o l v e n t  
p a r a m e t e r s ♦
P r e d i c t e d  c o r r e l a t i o n  O b se rv ed  c o r r e l a t i o n
R e a c t a n t s
Good
Mod. 
Good 
Mod.
a :  f rom r e f . 91 p . 7 
b :  Mod. = m o d e ra te
Me5H/p-H02C6H4-  
CH„C1 ; Modi? Good o & 9 Good Mo d /  p o o r
P r ,N /M eI Modi? Good Mod. Mod. P o o r
Bu^Cl P o o r Mod. Good Mod. P o o r
But Br P o o r Mod. Good Good
(7e+T7
ET
( B - 1 )
J W T T ) E
94. K oppe l  and Palm h a v e  e x te n d e d  t h i s  t y p e  of* a n a l y s i s  
t o  c o v e r  m u l t i p l e  c o r r e l a t i o n ,  u s i n g  v a r i o u s  s o l v e n t  p a r a ­
m e t e r s  t o g e t h e r .  An e a r l y  example  o f  su c h  m u l t i p l e  c o r r e -
95l a t i o n  was g i v e n  by F o w le r ,  K a t r i t z k y  and R u t h e r f o r d  who 
a n a l y s e d  s o l v e n t  e f f e c t s  on a  number o f  r e a c t i o n s  i n c l u d i n g  
t h e  f o l l o w i n g .
No . o f
R e a c t i o n  S o l v e n t  s o l v e n t
A p r o t i c ,
A -  S o l v o l y s i s  o f  p - m e t h o x y n e o p h i l e  h y d r o x y l i c  ^
p - t o l u e n e s u l p h o n a t e & w a t e r
B -  M e n sc h u tk in  r e a c t i o n  b e tw een  p - n i t r o -  A p r o t i c  &
b e n z y l  c h l o r i d e  and t r i m e t h y l a m i n e  h y d r o x y l i c  9
C -  M e n sc h u tk in  r e a c t i o n  be tw een  t r i e t h y l -
amine and e t h y l  i o d i d e  A p r o t i c  8
T h e i r  r e s u l t s ,  i n  t e r m s  o f  p e r c e n t a g e  d e v i a t i o n ,  a r e  shown 
i n  T a b l e ( 4 . 2 ) .
I t  i s  n o t i c e a b l e  t h a t  where  b o t h  h y d r o x y l i c  and a p r o t i c  
s o l v e n t s  a r e  u s e d  ( a s  i n  r e a c t i o n  B) t h e  d e v i a t i o n  i s  a lw a y s  
q u i t e  l a r g e ,  even  when 3 p a r a m e t e r s  a r e  u s e d  t o  c o r r e l a t e  
r a t e s  i n  o n l y  9 s o l v e n t s .  I t  i s  a l s o  i n t e r e s t i n g  t h a t  so f a r  
l i t t l e  a t t e m p t  h a s  been  made t o  u s e  m u l t i p l e  c o r r e l a t i o n s  on  
s o l v e n t  e f f e c t s  on n o n - e l e c t r o l y t e s  t h e m s e l v e s ,  e v en  th o u g h  
i t  was a p p r e c i a t e d  many y e a r s  ago t h a t  s o l v e n t  e f f e c t s  on 
t h e  r e a c t a n t s  and t r a n s i t i o n  s t a t e  were t o g e t h e r  r e s p o n s i b l e  
f o r  t h e  o b s e r v e d  k i n e t i c  s o l v e n t  e f f e c t .
T a b le ( 4 . 2 )
%  D e v i a t i o n
A B C
ET 14 34 16
6 29 35 25
K 26 20 28
H 69 60 39
KtJ, + K 10 21 13
Et + II 6 26 11
Et + 8 15 36 11
E,„ + K 1 + H 6 15 3
K = ( e - i ) / ( 2  s  +1)
K ' = (  s - 1 ) / ( s  + 1 )
2 2H -  (n  - 1 ) / ( 2 n  +1) where  n = s o l v e n t  r e f r a c t i v e  i n d e x
96Hughes and I n g o l d  d i s c u s s e d  t h e s e  e f f e c t s  i n  t e r m s  o f  
s o l v a t i o n  o f  r e a c t a n t s  and p r o d u c t s .  S o l v a t i o n  o f  a  m o le c u l e  
w i l l  r e s u l t  i n  a  l o w e r i n g  o f  i t s  f r e e  e n e r g y ,  and s i n c e  t h e  
f r e e  e n e rg y  o f  a c t i v a t i o n  o f  a  r e a c t i o n  i s  t h e  d i f f e r e n c e  
b e tw een  t h e  f r e e  e n e r g i e s  o f  t h e  t r a n s i t i o n  s t a t e  and o f  
t h e  r e a c t a n t s ,  i t  f o l l o w s  t h a t ,  i f  no o t h e r  f a c t o r s  a r e
c o n s i d e r e d ,  t h e n  i n c r e a s e d  s o l v a t i o n  o f  t h e  r e a c t a n t s  w i t h  
r e s p e c t  to  t h e  t r a n s i t i o n  s t a t e ,  which  would h ap p en  i f  t h e  
r e a c t a n t s  were  more p o l a r  t h a n  t h e  t r a n s i t i o n  s t a t e ,  w i l l  
i n c r e a s e  t h e  f r e e  e n e rg y  o f  a c t i v a t i o n .  A more p o l a r  s o l v e n t  
w i l l  t h e r e f o r e  r e d u c e  t h e  r e a c t i o n  r a t e .  C o n v e r s e l y ,  p r e ­
f e r e n t i a l  s o l v a t i o n  o f  t h e  t r a n s i t i o n  s t a t e ,  i n  a  r e a c t i o n  
where  t h e  t r a n s i t i o n  s t a t e  i s  more p o l a r  t h a n  t h e  i n i t i a l  
s t a t e ,  w i l l  p ro d u c e  a  s m a l l e r  f r e e  e n e r g y  o f  a c t i v a t i o n ,
and so g r e a t e r  s o l v e n t  p o l a r i t y  w i l l  r e s u l t  i n  a  f a s t e r  r a t e
96o f  r e a c t i o n .  Hughes and I n g o l d  u s e d  t h e s e  a rg u m e n t s  to
p r e d i c t  t h e  e f f e c t  o f  i n c r e a s i n g  s o l v e n t  p o l a r i t y  on t h e
r a t e s  o f  n u c l e o p h i l i c  s u b s t i t u t i o n s .  F o r  t h e  S^1 s o l v o l y s i s
96o f  t e r t i a r y b u t y l  c h l o r i d e  i n  a q ueou s  a l c o h o l , Hughes found  
t h a t  t h e  r a t e  o f  r e a c t i o n  i n c r e a s e d  g r e a t l y  a s  t h e  p r o p o r t i o n  
o f  w a t e r  i n  t h e  s o l v e n t  i n c r e a s e d ,  a s  had  b e e n  p r e d i c t e d  on 
t h e  b a s i s  o f  t h e  i n c r e a s e d  c h a rg e  s e p a r a t i o n  i n  t h e  t r a n s i ­
t i o n  s t a t e .
I n  t h e  M e n sc h u tk in  r e a c t i o n ,  a  c h a r g e  d i s t r i b u t i o n  w h ich  
i s  n o n - e x i s t e n t  i n  t h e  i n i t i a l  s t a t e  h a s  a p p e a r e d  i n  t h e  
t r a n s i t i o n  s t a t e ,  so t h a t  an i n c r e a s e  i n  s o l v e n t  p o l a r i t y
t -B u C l t~Bu+ V  Cl
( 4 - 3 )
■> R,N+ + X 4 ( 4 - 4 )
w i l l  p ro d u ce  a  l a r g e  r a t e  i n c r e a s e ,  a s  shown by M e n s c h u tk in 74
The d i f f i c u l t y  w i t h  t h e  e n t i r e  t r e a t m e n t  i n  which  v a l u e s  
o f  l o g k  ( o r  o f  AG-*) a r e  c o r r e l a t e d  w i t h  v a l u e s  o f  some s o l -
jt
v e n t  p r o p e r t y  i s  t h a t  t h e  v a l u e s  o f  Ag a r e  t h e m s e l v e s  
c o m p o s i t e  q u a n t i t i e s ,  b e i n g  r e l a t e d  t o  t h e  s t a n d a r d  f r e e  
e n e r g i e s  o f  t h e  r e a c t a n t s  and t r a n s i t i o n  s t a t e .  Thus i n  o r d e r  
t o  s e e  more c l e a r l y  what  i s  h a p p e n in g  d u r i n g  t h e  c o u r s e  o f  
a  r e a c t i o n ,  i t  i s  n e c e s s a r y  t o  s e p a r a t e  s o l v e n t  e f f e c t s  on 
l o g k  o r  on A G^ i n t o  i n i t i a l - s t a t e  and t r a n s i t i o n - s t a t e  
c o n t r i b u t i o n s .  R e c e n t l y ,  s e v e r a l  s t u d i e s  have  b e e n  c a r r i e d  
o u t  on b i m o l e c u l a r  r e a c t i o n s  b e tw ee n  n e u t r a l  m o l e c u l e s  i n  
t e r m s  o f  e n t h a l p y ,  f r e e  e n e r g y  and e n t r o p y .
C o n s i d e r  a  r e a c t i o n  i n  w hich  t h e  r e a c t a n t s  and  t h e  
t r a n s i t i o n  s t a t e  a r e  assumed t o  be i n  t h e r m a l  and c h e m ic a l  
e q u i l i b r i u m .  The e n t h a l p y  o f  a c t i v a t i o n  i n  a  p a r t i c u l a r  
s o l v e n t  A ( t h e  r e f e r e n c e  s o l v e n t )  may be e x p r e s s e d  a s  i n  
e q u a t i o n  ( 4 - 5 )
AH* = A H° (T r)  -  AH° ( r e a c t a n t s )
■ A  1  ( 4 - 5 )
where  . AH^ . (x )  i s  t h e  s t a n d a r d  e n t h a l p y  o f  f o r m a t i o n  o f  t h e  
A
s p e c i e s  x i n  s o l v e n t  A. An a n a lo g o u s  e q u a t i o n  can  be w r i t t e n  
f o r  r e a c t i o n  i n  a n o t h e r  s o l v e n t  B, and t h e n  by s u b t r a c t i o n  
e q u a t i o n  ( 4 - 6 )  f o l l o w s
AH* -  AH* = AH® (T r)  -  AH® (T r )  -  AH® ( r e a c t a n t s )
B- 1  B A B
+ AH® ( r e a c t a n t s )  ( 4 - 6 )
A
Now f o r  t h e  s t a n d a r d  e n t h a l p y  o f  t r a n s f e r  f rom s o l v e n t  A 
to  s o l v e n t  B o f  a  s p e c i e s  x ,  AH®(x ) , can  be w r i t t e n  a s
i n  e q u a t i o n  ( 4 - 7 )  so t h a t  e q u a t i o n  ( 4 - 6 )  may be s i m p l i f i e d
to  t h e  f u n d a m e n ta l  e q u a t i o n  ( 4 - 8 )  o r  ( 4 - 9 )
A h ® ( x )  = Ah® ( x )  -  Ah® ( x )  ( 4 - 7 )
B A
AH°(Tr)  = Ah® ( r e a c t a n t s )  + Ah* -  AH* ( 4 - 8 )
X X J3 A
AtI®(Tr) . = A h ® ( r e a c t a n t s )  + b  Ah* 
where  &Ah* i s  d e f i n e d  a s  i n  e q u a t i o n  ( 4 - 1 0 )
s  A h* = Ah* -  a h *B A
An a n a l o g o u s  e x p r e s s i o n  can  be d e r i v e d  f o r  t h e  f r e e  e n e r g y  
o f  t r a n s f e r  and e n t r o p y  o f  t r a n s f e r  f rom  s o l v e n t  A t o  s o l ­
v e n t  B.
£>Aq* = Ag-* -  AG* = AG®(Tr) -  A G^( r e a c t a n t s )
( 4 - 1 1 )
t>As^ = As ~ AS* = As®(Tr) -  AS? ( r e a c t a n t s )
B A T X
(4-12)
( 4 - 9 )
( 4- 1 0 )
, The a c t i v a t i o n  p a r a m e t e r s  may he e x p r e s s e d  u s i n g  any  
d e s i r e d  s t a n d a r d  s t a t e ,  so any one o f  t h e  t h r e e  common 
c o n c e n t r a t i o n  s c a l e s  may he u s e d  ( m o la l  s c a l e  (rn) ;  m o l a r  
s c a l e  ( c ) ;  m o l - f r a c t i o n  s c a l e  (x ) ) «  Q u a n t i t i e s  on  t h e s e  
s c a l e s  a r e  r e a l t e d  t o  e a c h  o t h e r  by e q u a t i o n  ( 4 - 1 3 )  f o r  t h e  
c a s e  o f  d i l u t e  s o l u t i o n s .
■M1 .KL
x = ■------- 1 — . c =  — * m ( 4 - 1 3 )
1000 p r  1000
H e re  My and .p^ a r e  t h e  m o l e c u l a r  w e ig h t  and  d e n s i t y  o f  
t h e  p u r e  s o l v e n t .  S e c o n d - o r d e r  r a t e  c o n s t a n t s  e x p r e s s e d  i n  
t h e  u s u a l  m o la r  c o n c e n t r a t i o n  u n i t s  may he  c o n v e r t e d  q u i t e  
s im p ly  i n t o  o t h e r  u n i t s .
r  - 1 - 1  IUUU.p1 ' . .
k "(mol f r a c t i o n  s )   v k ( l . m o l  s  )
M
( 4 - 1 4 )
I n  t h e  a p p l i c a t i o n  o f  e q u a t i o n s  ( 4 - 9 ) , ( 4 - 1 1 )  an d  ( 4 - 1 2 )
to  s e c o n d - o r d e r  r e a c t i o n s ,  v a l u e s  o f  a c t i v a t i o n  p a r a m e t e r s  
must r e f e r  t o  t h e  same s c a l e  a s  t h a t  u s e d  i n  t h e  s p e c i f i c a ­
t i o n  o f  t h e  p r o p e r t i e s  o f  r e a c t a n t s .
T h ere  a r e  s e v e i a l  p o s s i b l e  m ethods  a v a i l a b l e  f o r  d e t e r ­
m in in g  v a l u e s  o f  t h e  f r e e  e n e r g i e s  and e n t h a l p i e s  o f  t r a n s f e r  
S t a n d a r d  e n t h a l p i e s  o f  t r a n s f e r  can  be d e f i n e d  i n  t e r m s  
o f  t h e  h e a t  o f  s o l u t i o n  o f  t h e  s o l u t e  a t  i n f i n i t e  d i l u t i o n
i n  t h e  two s o l v e n t s .
AH°(x) = AH°S jB( x ) -  Ah " >a ( x ) ( 4 - 1 5 )
E n t h a l p i e s  o f  s o l u t i o n  a r e  d e t e r m i n e d  c a l o r i m e t r i c a l l y  f o r  
t h e  r e a c t a n t s ,  and t h e s e  a r e  combined w i t h  t h e  a c t i v a t i o n  
e n t h a l p i e s ,  c a l c u l a t e d  f rom  t h e  r a t e  c o n s t a n t s ,  t o  g i v e  
v a l u e s  o f  t h e  s t a n d a r d  e n t h a l p y  o f  t r a n s f e r  o f  t h e  t r a n s i t i o n  
s t a t e .  V a l u e s  o f  AG°(Tr) a r e  f r e q u e n t l y  o f  more u s e  t h a n  
A n ° ( T r ) ,  and f o r  v o l a t i l e  s o l u t e s  c an  be  d e t e r m i n e d  by  
m easurem ent  o f  R a o u l t 1s l aw  a c t i v i t y  c o e f f i c i e n t .  The R a o u l t f s 
law  a c t i v i t y  c o e f f i c i e n t ,  Y°°, o f  a  s o l u t e  i n  a  g i v e n  s o l v e n t  
was d e f i n e d  i n  s e c t i o n  ( 1 - 5 ) .  a s
r =  o !/ v - ) x . ^  o (4 - 16)
ooM easurem ents  o f  Y f o r  a  s o l u t e  i n  two s o l v e n t  s y s te m s  
t h e n  a f f o r d s  a  method f o r  t h e  c a l c u l a t i o n  o f  t h e  s o l v e n t  
e f f e c t  on  a  r e a c t a n t  t h r o u g h  e q u a t i o n  ( 4 - 1 7 ) .
OO
A G? = RTln ( 4 - 1 7 )t  y ° °
A
o o  o o
I n  t h i s  e q u a t i o n ,  Y^ and 7 ^  a r e  t e r m i n a l  v a l u e s  o f  t h e  
R a o u l t ’s  law  a c t i v i t y  c o e f f i c i e n t s  o f  t h e  s o l u t e  i n  s o l v e n t s  
A and B .
F o r  i n v o l a t i l e  n o n - e l e c t r o l y t e s ,  f r e e  e n e r g i e s  o f  t r a n s f e r  
may be d e t e r m i n e d  t h r o u g h  s o l u b i l i t y  m easu rem en ts  u s i n g  
e q u a t i o n s  such  a s  (4 -1 8 )
where  x^ and Xg a r e  t h e  mol f r a c t i o n  s o l u b i l i t y  o f  t h e
n o n - e l e c t r o l y t e  i n  t h e  r e f e r e n c e  s o l v e n t  A and a n o t h e r  s o l v e n t  
X sB and f  V i s  t h e  mol v f r a c t i o n  s e c o n d a r y  medium a c t i v i t y  
c o e f f i c i e n t  o f  t h e  n o n - e l e c t r o l y t e  i n  t h e  s a t u r a t e d  s o l u t i o n ;  
q u i t e  o f t e n  f * , s  and f g ,S a r e  t a k e n  a s  e q u a l  t o  u n i t y .  
E q u a t i o n  ( 4 - 1 8 )  i s  o n l y  v a l i d  i f  t h e  same s o l i d  p h a s e  i s  i n  
e q u i l i b r i u m  w i t h  t h e  two s a t u r a t e d  s o l u t i o n s .
I n  T a b l e ( 4 . 3 )  a r e  v a l u e s  o f  c a l c u l a t e d  f rom  d a t a
on v a p o u r - l i q u i d  e q u i l i b r i a  w h ich  r e f e r  t o  i n e r t ,  n o n - p o l a -  
r i z a b l e  n o n - e l e c t r o l y t e s ,  and i n  T a b l e ( 4 * 4 )  a r e  g i v e n  some 
s e l e c t e d  v a l u e s  o f  A G° f o r  p o l a r i z a b l e  n o n - e l e c t r o l y t e s  
t a k e n  f rom t h e  l i t e r a t u r e .
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4 .2  S t u d i e s  on th e  Menschutkin r e a c t i o n .
D i s s e c t i o n  o f  s o l v e n t  e f f e c t s  on  *tlie f r e e  e n e r g y  o f
a c t i v a t i o n  o f  s e v e r a l  M e n sc h u tk in  r e a c t i o n s  h a s  "been c a r r i e d  
91o u t  by Abraham and d e t a i l e d  by him i n  a  r e c e n t  r e v i e w .  The 
most  e x t e n s i v e  d a t a ,  i n  t e r m s  o f  num bers  o f  s o l v e n t s ,  was
97
o b t a i n e d  f o r  t h e  r e a c t i o n  o f  p - n i t r o b e n z y l  c h l o r i d e  w i t h  
t r i m e t h y l  amine i n  18 s o l v e n t s .  At t h a t  t i m e  t h i s  r e p r e s e n t e d  
t h e  l a r g e s t  number o f  s o l v e n t s  i n v e s t i g a t e d  i n  t h i s  t y p e  o f
54. 59
r e a c t i o n .  S i n c e  t h e n ,  Abraham and G - r e l l i e r * h a v e  o b t a i n e d  
d a t a  on t h e  r e a c t i o n  b e tw ee n  t r i e t h y l a m i n e  and e t h y l  i o d i d e  
i n  no l e s s  t h a n  39 s o l v e n t s .  T a b l e ( 4 . 5 )  g i v e s  t h e i r  d a t a  on
rfc
i n i t i a l  s t a t e  e f f e c t s ;  t h e y  t h e n  combined  t h i s  w i t h  AG
v a l u e s  t o  o b t a i n  A s ° ( T r )  v a l u e s  i n  39 s o l v e n t s .
I n  c o n t r a s t  t o  t h e  e x t e n s i v e  work o n  f r e e  e n e r g i e s , -  t h e r e
98h ave  b e e n  v e r y  few s t u d i e s  i n  t e i ’ms o f  e n t h a l p y .  H a b e r f i e l d  
h a s  d e t e r m i n e d  a c t i v a t i o n  p a r a m e t e r s  f o r  a  number  o f  s u b s t i ­
t u t i o n s  o f  t y p e  shown i n  e q u a t i o n  ( 4 - 1 9 )
Ci-Ht-K + Ar0HoX  ArClJCt-H,- + X"
5 5  2 2 5 5 ( 4 - 1 9 )
w here  C^H^N i s  p y r i d i n e ,  T a b l e ( 4 . 6 )
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T a b l e ( 4 . 6 )  E n t h a l p i e s a o f  t r a n s f e r  f rom m e th a n o l  t o  d i m e t h y l -
formamide o f  r e a c t a n t s  and t r a n s i t i o n  s t a t e s  m  
t h e  s u b s t i t u t i o n  o f  b e n z y l  h a l i d e s  by p y r i d i n e
m  k c a l . r a o l  a t
R e a c t a n t s
Ah *
P y r i d i n e  +
p~N02C6H4CH2Gl . - 6 * 8
P y r i d i n e  +
CgH^CHgCl - 5 . 3
P y r i d i n e  +
p-MeC6H4CH2Cl - 3 . 7
P y r i d i n e  +
P“N02C6H4CH2B r  - 3 . 2
P y r i d i n e  +
C6H5CH2B r  - 1 . 7
P y r i d i n e  +
p-MeC6H4CH2B r  - 1 . 4
a  : r e f . 98
99A c o m p le te  a n a l y s i s  o 
G-, H and S i s  a v a i l a b l e  o n l y  
d im e t h y l f o r m a m i d e , T a b l e ( 4 . 7 )
.15K.
P y r i d i n e  ArCH2X T r
0 . 9  - 1 . 9  - 7 . 8
0 . 9  - 0 . 9  - 5 . 3
0 . 9  - 0 . 9  - 3 . 7
0 . 9  - 2 . 4  - 4 . 7
0 . 9  - 1. 2  - 2 . 0
0 . 9  - 1 . 0  “ 1 . 5
f  s o l v e n t  e f f e c t s  i n  t e r m s  o f  
f o r  t r a n s f e r  from m e t h a n o l  t o
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W i g f i e l d  and L e m ^ ^  h ave  c o n s i d e r e d  t h e  M e n sc h u tk in  
r e a c t i o n  f rom a  t h e o r e t i c a l  p o i n t  o f  v ie w .  They r e a s o n e d
i  O
t h a t  i f  AG- and AG were  known i n  a  s e l e c t i o n  o f  s o l v e n t s
± Q
t h e n  a  p l o t  o f  AG a g a i n s t  AG would y i e l d  i n f o r m a t i o n  
a s  t o  t h e  p o s i t i o n  o f  t h e  t r a n s i t i o n  s t a t e  a l o n g  t h e  r e a c t i o n  
c o - o r d i n a t e
“  = d A G +/ d A G °  ( 4 - 2 0 )
I f  t h e  s l o p e  o f  t h e  p l o t ,  oc i s  v e r y  s m a l l  t h e n  t h e  t r a n ­
s i t i o n  s t a t e  i s  r e a c t a n t - l i k e ,  h u t  i f  a n  —» 1 t h e n  t h e  t r a n -
l i
s i t i o n  s t a t e  must  h e ' p r o d u c t - l i k e . I n t e r e s t i n g l y ,  Abraham, and
c r
G r e l l i e r  a c t u a l l y  o b t a i n e d  su c h  p l o t s  f o r  t h e  E t ^ N / E t l  
r e a c t i o n .  I f  t h e  p r o d u c t  was t a k e n  a s  t h e  i o n  p a i r ,  t h e n
= 0 . 4 4 9 ,  and i f  t h e  p r o d u c t  was t a k e n  a s  a  p a i r - o f  s e p a ­
r a t e  i o n s ,  = 0 . 1 9 8 ,  f o r  a  s e l e c t i o n  o f  s o l v e n t s .  W i g f i e l d  
and L e n r ^ ,  a l s o  a rg u e d  t h a t  a  s i m i l a r  p l o t  i n  t e r m s  o f  
e n t r o p y  would y i e l d  a  p a r a m e t e r , a g , t h a t  would a l s o  be a  
u s e f u l  g u id e  t o  t r a n s i t i o n  s t a t e  s t r u c t u r e .
a  = d A S * /d  A S° ( 4 - 2 1 )
B e c a u se  no v a l u e s  o f  A s° were a v a i l a b l e ,  W i g f i e l d  and Lem 
s u g g e s t e d  an a l t e r n a t i v e  e q u a t i o n
ry — P d A S+ f  A o o N
K,f  1000 ‘ d Et ( 4 - 2 2 )
where  E^ i s  t h e  s p e c t r o s c o p i c a l l y  d e t e r m i n e d  s o l v e n t  p a r a ­
m e t e r  and (3 t h e  s o - c a l l e d  i s o k i n e t i c  t e m p e r a t u r e  f o r  t h e  
r e a c t i o n  u n d e r  c o n s i d e r a t i o n .  Due to  l a c k  o f  d a t a ,  t h i s
100
l a t t e r  e q u a t i o n  c o u ld  o n l y  be t e s t e d  f o r  t h e  M e n sc h u tk in  
r e a c t i o n  i n  7 s o l v e n t s ,  and so t h e  g e n e r a l i t y  o f  t h i s  e q u a t i o n  
r e m a in s  t o  be  e s t a b l i s h e d .
4 . 3  R e a c t i o n  o f  t h e  t - b u t y l  h a l i d e s .
Much o f  t h e  work on  a l k y l  h a l i d e s  t o  d a t e  h a s  d e a l t  w i t h
n  1  1  n o
t - b u t y l  c h l o r i d e .  O l s e n '  f  and h i s  c o - w o r k e r s  h av e
c a r r i e d ' o u t  v a p o u r  p r e s s u r e  m ea su re m e n ts  on t - b u t y l  c h l o r i d e  
u s i n g  a s  s o l v e n t ,  v a r i o u s  m i x t u r e s  o f  w a t e r  w i t h  m e th a n o l  and
O 4"
e t h a n o l ;  v a l u e s  o f  AG^.(Bu C l)  may t h e n  be c a l c u l a t e d  t h r o u g h  
e q u a t i o n  ( 4 - 1 7 ) ,  and i f  n e c e s s a r y  a l s o  c a l c u l a t e  on  t h e  m o la r  
s c a l e .
W i n s t e i n ^ ^ 9 and h i s  c o - w o r k e r s  combined t h e  i n i t i a l  
s t a t e  d a t a  w i t h  t h e i r  own v a l u e s  o f  A G' t o  y i e l d  t h e  s o l ­
v e n t  e f f e c t  on t h e  t r a n s i t i o n  s t a t e ,  T a b l e s ( 4 . 8 )  and ( 4 * 9 ) .
F o r  r e a c t i o n s  i n  mixed s o l v e n t s ,  t h e  m o la r  c o n c e n t r a t i o n
s c a l e  i s  t h e  most  common s c a l e  u s e d  by t h e  v a r i o u s  i n v e s t i -
3 9 4.0g a t o r s .  I t  h a s  b e en  p o i n t e d  o u t  9 t h a t  t h e  l a r g e  r e d u c t i o n
m  AG o b s e r v e d  a s  t h e  a l c o h o l s  a r e  r e p l a c e d  by i n c r e a s i n g l y
aqueoiis  s o l v e n t s  a r e  due b o t h  t o  an i n c r e a s e  i n  t h e  f r e e  e n e r g y
o f  t h e  i n i t i a l  s t a t e  and t o  a  d e c r e a s e  i n  t h e  f r e e  e n e r g y  o f
91t h e  t r a n s i t i o n  s t a t e .  Abraham h a s  f u r t h e r  a n a l y s e d  t h e s e  
s o l v e n t  e f f e c t s  i n  t h e  c a s e  o f  w a t e r - m e t h a n o l  m i x t u r e s  i n  
t e r m s  o f  t h e  e l e c t r o s t a t i c  and  n o n - e l e c t r o l y t e  c o n t r i b u t i o n  
t o  A G ° .
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105A r n e t t  and h i s  c o - w o r k e r s  have  m easured  t h e  h e a t  o f  
s o l u t i o n  o f  t - b u t y l  c h l o r i d e  i n  v a r i o u s  w a t e r : e t h a n o l  mix­
t u r e s  and h e n c e  o b t a i n e d  v a l u e s  o f  Z\H^(Bu^Cl). Y/hen combined 
w i t h  W i n s t e i n f s and  F a i n b e r g ' s  AH v a l u e s ,  t h e s e  y i e l d e d  
A H °(T r)  v a l u e s  t h r o u g h  an  a n a l o g o u s  e q u a t i o n  t o  e q u a t i o n  ( 4 - 9 )
A H °(T r )  = AH?(Bu^Cl) + b A  H4
( 4 - 2 3 )
U.
The d i s s e c t i o n  o f  t h e s e  d a t a  on  s o l v e n t  e f f e c t s  on  A & ,
A H and A S i n t o  i n i t i a l - s t a t e  and t r a n s i t i o n - s t a t e  c o n ­
t r i b u t i o n  was t h e  f i r s t  r e c o r d e d  example  o f  such  a n  a n a l y s i s  
i n  t e r m s  o f  a l l  t h r e e  f u n c t i o n s  G, H, and S ,  f o r  any  c h e m ic a l  
r e a c t i o n »
*{*A d i s s e c t i o n  o f  s o l v e n t  e f f e c t s  on A H i n t o  i n i t i a l -  
s t a t e  and t r a n s i t i o n - s t a t e  c o n t r i b u t i o n s  h a s  a l s o  b e en  e f f e c t e d  
by A r n e t t ^ ^ ’ ^ ^  f o r  s o l v o l y s i s  o f  t - b u t y l  c h l o r i d e  i n  t h e  
h i g h l y  aq u eo u s  e t h y l  a l c o h o l  s o l v e n t  s y s t e m ,  where  A h  and  
A S ( b u t  n o t  AG ) f l u c t u a t e  w i d e l y - w i t h  s o l v e n t  c o m p o s i t i o n .
A r n e t t  showed t h a t  b o t h  e l e c t r o l y t e s  and n o n - e l e c t r o l y t e s  
gave  r i s e  t o  e n d o th e r m ic  maxima i n  A H° a t  a  mol f r a c t i o n  
e t h a n o l  o f  a b o u t  0 . 2  , b u t  t h a t  f o r  s o l u t e s  o f  s i m i l a r  s i z e  
t h e  maximum was g r e a t e r  f o r  a  n o n - e l e c t r o l y t e  t h a n  f o r  a n  
e l e c t r o l y t e ,  ( s e e  a l s o  r e f .91 p . 52)
A d i s s e c t i o n  o f  s o l v e n t  e f f e c t s  on t h e  s o l v o l y s i s  o f  
t - b u t y l  c h l o r i d e  i n t o  i n i t i a l - s t a t e  and t r a n s i t i o n - s t a t e  
c o n t r i b u t i o n s  was f i r s t  a c c o m p l i s h e d  by Y / in s t e in  and h i s
c o -w o r k e r s ^ " * * f o r  p u re  s o l v e n t s ,  t h e  s o l v e n t s  s t u d i e d  b e in g
w a t e r ,  m e th a n o l ,  e th a n o l  and a c e t i c  a c i d .
97 108Abraham * h a s  g iv e n  p r e l i m i n a r y  a c c o u n ts  o f  d i s s e c t i o n  
o f  s o l v e n t  e f f e c t s  i n  t h e  t - b u t y l  c h l o r i d e  r e a c t i o n  i n  te rm s  o f  
e q u a t io n  ( 4 - 1 1 ) ,  and i n  T a b l e ( 4 .1 0 )  a r e  t h e  f i n a l .r e s u l t s  o f  
t h i s  a n a l y s i s .  The d a t a  i n  T a b l e ( 4 .1 0 )  show t h a t  e x c e p t  f o r  
t r a n s f e r  to  w a te r  s o l v e n t  e f f e c t s  on  t h e  f r e e  e n e r g y  o f  t - b u t y l  
c h l o r i d e  a r e  q u i t e  s m a l l .  T h is  b e h a v io u r  i s  c o m p a t ib le  w i th  
t h a t  o f  o t h e r  n o n - p o l a r  n o n - e l e c t r o l y t e s ,  shown i n  T a b l e ( 4 .3 )  
S in c e  AG^(Bu^Cl) i s  s m a l l ,  i t  f o l l o w s  t h a t  A  G*1" * AG°( [B u ^C l]* )
f o r  t h e  n o n -a q u e o u s  s o l v e n t s .
57 0 / t  4 \Abraham h a s  shown t h a t  v a l u e s  o f  AG^C [Bu C l]  ) a r e
c l o s e l y  r e l a t e d  to  A G^ v a l u e s  f o r  t h e  i o n - p a i r  Me^NCl. Hence
4.
t h e  [Bu Cl ] t r a n s i t i o n  s t a t e  m ust be q u i t e  s i m i l a r  i n
s t r u c t u r e  to  t h e  model i o n - p a i r .  He a l s o  fo u nd  t h a t  th e  c h a rg e
s e p a r a t i o n  i s  a lw ay s  q u i t e  h i g h ,  a l t h o u g h  i t  i s  h i g h e r  i n  t h e
p o l a r  s o l v e n t s  t h a n  i n  t h e  n o n - p o l a r  s o l v e n t s .  He s u g g e s t s  t h a t
ti n  p o l a r  s o l v e n t s  t h e  t r a n s i t i o n  s t a t e  l i e s  b e tw ee n  Bu C l and 
+ —t h e  t - B u  C l i o n - p a i r ,  b e in g  much c l o s e r  to  t h e  i o n - p a i r  
t h a n  to  t h e  g rou nd  s t a t e .
The n a t u r e  o f  t h e  t r a n s i t i o n  s t a t e  f o r  r e a c t i o n  i n  n o n ­
p o l a r  s o l v e n t s ,  g i v i n g  r i s e  to  i s o b u t e n e  and HC1, i s  n o t  c l e a r .  
A p o s s i b l e  se q u en c e  o f  r e a c t i o n  i s  shown, i n  e q u a t i o n  (4 -2 4 )  
w here  e i t h e r  (3 )  o r  ( 4 ) c o u ld  be t h e  t r a n s i t i o n  s t a t e .
g
T a b le ( 4 .1 0 )  Free e n e r g ie s  o f  t r a n s f e r  (on  th e  mol f r a c t i o n
s c a l e )  from  m e th a n o l  to  o t h e r  s o l v e n t s  o f  t - b u t y l  
c h l o r i d e  and t h e  t - b u t y l  c h l o r i d e  t r a n s i t i o n  s t a t e  
i n  k c a l .m o l~  a t  2 9 8 . 15K.
S o lv e n t  6 A G ■
Bu^Cl T r
W ate r - 6 ,2 2 4 .5 7 - 1 .6 5
M ethan o l 0 0 0
A c e t i c  a c i d 0 .8 3 - 0 . 2 9 0 .5 4
E th a n o l 1 .3 2 - 0 .2 6 1 .0 6
1 - P ro p a n o l 1 ,.68 - 0 .3 4 1 .3 4
1- B u ta n o l 1 .94 - 0 .4 6 1 .4 8
2- P r o p a n o l 2 ,2 4 - 0 .3 0 1 .9 4
t - B u t y l  a l c o h o l 2 .9 6 - 0 .4 6 . 2 .5 0
N it ro m e th a n e 2 ,7 6 i 0 • a 00 2 .5 8
D im ethy lfo rm am ide 3 .2 5 “0 .5 4 2 .71
A c e t o n i t r i l e 3 .5 9 - 0 .3 9 3 .2 0
N -M e th y lp y r ro l id o n e 3 .9 2 - 0 .5 0 3 .4 2
N i t r o b e n z e n e 4 . 9 4 - “0 .7 5 4 .1 9
A c e to n e 5 .3 8 - 0 .8 3 4 .5 5
D io x an 6 .4 2 \ 0 • CO 5 .61
C h lo ro b e n z e n e 7 .1 5 - 1 .1 2 6 .0 3
B enzene 8 .2 7 - 1 .0 6 7.21
D i e t h y l  e t h e r 9 .0 6 - 0 .9 5 8 .11
P e n ta n e 13.51 - 1 .0 0 12.51
a : R e f* 91
S o lv e n t  e f f e c t s  on th e  t - b u t y l  bromide r e a c t i o n  have a l s o
b e en  a n a ly s e d  i n  te rm s  o f  e q u a t io n  ( 4 - 1 1 ) .  Abraham 5-7 d e t e r -
o *fcm ined v a l u e s  o f  AG^(Bu B r) t h r o u g h  m easurem ent o f  y°° f o r
t - b u t y l  b ro m ide  and combined t h e s e  v a l u e s  w i th  d a t a  on  AG-
"fc * f1from  th e  l i t e r a t u r e  to  o b t a i n  v a l u e s  o f  AG°( [Bu B r ] ) .  
R e s u l t s  a r e  i n  T a b l e ( 4 . 11) w i th  v a l u e s  f o r  M ^(M e^B r**)»
T a b l e ( 4 ,1 1 )  F r e e  e n e r g i e s  o f  t r a n s f e r  (on  t h e  mol f r a c t i o n
s c a l e )  from  m e th a n o l  to  o t h e r  s o l v e n t s  o f  t - b u t y l
b ro m id e ,  t h e  t - b u t y l  b rom ide t r a n s i t i o n s t a t e ,
and t h e  Me^SBr i o n - p a i r  i n k c a l . m o l ” ^ a t  298 .
S o lv e n t
- K - —
’ Me .Sb : 46 A G Bu B r T r
W ater  . - 5 .9 2 4 .5 5 - 1 .3 7 - 2 . 0
M eth an o l G 0 0 0
E th a n o l 1.21 - 0 .3 9 0 .8 2 1 .3
N i t ro m e th a n e 1 .5 4 - 0 .2 3 1.11 1 .6
A c e t i c  a c i d 1 .4 5 - 0 . 3 8 1 .0 7
D im ethy lfo rm am id e 1 .5 9 - 0 .7 3 0 .8 6 1 .9
2 - P r o p a n o l 2 .1 0 - 0 . 4 8 1 .62 2 .1
N - M e t h y l p y r r o l i -
done 2 .1 0 - 0 .7 0 1 .4 0
CO•CVJ
t - B u t y l  a l c o h o l 2 .7 8 i o • o ro • _i 00 3 . 7
A c e to n e 3 .6 4 - 0 .8 4 2 .8 0 4 .3
a : R e f . 91
*fc rj:
The v a r i o u s  comments a b o u t  t h e  n a t u r e  o f  t h e  [Bu C l ]  
t r a n s i t i o n  s t a t e  i n  p o l a r  s o l v e n t s  a p p ly  s i m i l a r l y  to  
[B u^B r ] * ,  and t h e  p r o f i l e  shown i n  B ig * (4*1) - fo r  t h e  t - b u t y l  
c h l o r i d e  r e a c t i o n  can  be t a k e n  a l s o  a s  a  r e p r e s e n t a t i o n  o f  t h e  
f r e e  e n e rg y  p r o f i l e  f o r  t h e  t - b u t y l  b ro m id e  r e a c t i o n  i n  p o l a r  
s o l v e n t s  ( R e f * 9 1 ) .
109More r e c e n t l y  t h e  R u s s ia n  w o rk e rs  K u l ik  and  P onom areva  
h av e  o b t a i n e d  r a t e  c o n s t a n t s  f o r  t h e  d e c o m p o s i t io n  o f  t h e  
t - b u t y l  h a l i d e s  i n  a  num ber o f  a d d i t i o n a l  s o l v e n t s ,  b u t  a s  
y e t  t h e r e  a r e  no c o r r e s p o n d in g  i n i t i a l - s t a t e  e f f e c t s  w i th  
w hich  to  combined t h e s e  d a t a /
A lth o u g h  A r n e t t  p u b l i s h e d  h i s  d i s s e c t i o n  o f  s o l v e n t  e f f e c t s
on  t h e  t - b u t y l  c h l o r i d e  r e a c t i o n  i n  w a t e r - e t h a n o l  m i x t u r e s ,
i n  te rm s  o f  G, H and S s e v e r a l  y e a r s  a g o , o n l y  v e r y  r e c e n t l y
h a s  a  s i m i l a r  a n a l y s i s  b e e n  c a r r i e d  o u t  f o r  pxire s o l v e n t s *
110Abraham o b t a i n e d  v a l u e s  f o r  t h e  s o l v e n t  e f f e c t  on  t h e  f r e e  
e n e r g y ,  e n th a lp y  and e n t r o p y  o f  t - b u t y l  c h l o r i d e  a n d  was a b l e  
t o  combine t h e s e  w i th  a c t i v a t i o n  p a r a m e te r s  t o  y i e l d  t h e  e f f e c t s  
on  t h e  t r a n s i t i o n  s t a t e ,  T a b l e (4 * 1 2 ) .
The above d a t a  a l l  r e f e r  to  h y d r o x y l i c  s o l v e n t s ,  and  i t  
would be v e r y  i n t e r e s t i n g  to  e x te n d  t h i s  a n a l y s i s  t o  a p r o t i c  
s o lv e n t s *
£L "t "tT a b l e ( 4 .1 2 )  Thermodynamic p r o p e r t i e s  o f  Bu Cl and Bu B r
i n  a l c o h o l s  a t  2 9 8 .15K.
H a l id e S o lv e n t A G
b
AH
b
AS'
But Cl
Bu^Br
M ethano l 
E th a n o l  
1 - P r o p a n o l
1- B u ta n o l
2-P r o p a n o l
M ethano l^  
E th a n o l  
1- P r o p a n o l
811
551
471
351
511
566*
176
66
360
339
427
530
836
475
401
451
-1 .5  
-0 .7  
*0 . 1  
0 . 6  
I * 1
-0 .3
0 . 7
1 .3
a
b
c
d
e
from  r e f . 110
AG, A H i n  c a l .m o l  
,0
; AS i n  cal.K~^mol~*^
Y = 1 0  and P 294.8mm.
y ° °  = 1 4 .0  and Pu == 141.2mm.
AGs 1 3 6 4 .2 5 lo g  y *P"t m
S o lv e n t  e f f e c t s  on t r a n s i t i o n  s t a t e s  and r e a c t i o n  r a t e s .
It-BuCI]
Products
t—BuCl
R eac tio n  c o o rd in a te
P i g . ( 4 .1 )  A p o s s i b l e  f r e e  e n e rg y  p r o f i l e  f o r  t h e  
s o l v o l y s i s  o f  t - b iv t y l  c h l o r i d e  i n  p o l a r  
s o l v e n t s .
4 .4  G e n e ra l  c o n c l u s i o n s .
T h ere  i s  now a v a i l a b l e  a  c o n s i d e r a b l e  amount o f  d a t a  on 
t h e  e f f e c t  o f  s o l v e n t s  on t h e  f r e e  e n e rg y  o f  t h e  t r a n s i t i o n - s t a t e  
on th e  E t^ N /E tl  r e a c t i o n  and  o n  th e  t - b u t y l  c h l o r i d e  r e a c ­
t i o n ;  i n  t h e  l a t t e r  c a s e  even  more r e s u l t s  c o u ld  be o b t a i n e d  
u s i n g  K u l i k f s k i n e t i c  d a t a .  So f a r , h o w e v e r ,  t h e r e  h a s  b e en
a lm o s t  no a t t e m p t  to  u s e  any  t h e o r y  su c h  a s  t h e  s c a l e d  p a r t i c l e  
*t h e o r y  o r  SRMR t h e o r y  to  a n a l y s e  t h i s  d a t a  o r  t o  compare 
r e s u l t s  w i th  t h o s e  o b t a i n e d  u s i n g  A braham fs m ethod o f  d i v i s i o n  
i n t o  a  n e u t r a l  and e l e c t r o s t a t i c  p a r t  ( s e e  a l s o  r e f . 1 1 1 ) .
F u r t h e r ,  t h e  r e s u l t s  to  d a t e  on  c o r r e s p o n d in g  e n th a lp y  
and e n t r o p y  d a t a  a r e  v e r y  l i m i t e d  so t h a t  a lm o s t  no c o n c l u s i o n  
can  be draw n a s  to  t h e  e f f e c t s  o f  p u r e  s o l v e n t s  on  AH° and 
A S^ f o r  t r a n s i t i o n - s t a t e s .  H ere  a g a i n  more e x p e r i m e n t a l  
r e s u l t s  a r e  u r g e n t l y  n e e d e d .
* A b b r e v ia t i o n  SRMR (S in a n o g lu -R ie s se -M o u ra -R a m o s )
DISCUSSION
CHAPTER 5
TEST OF SPT AND SRMR THEORIES OF SOLUTION.
5 .1  E x p o s i t io n .
I n  C h a p te r  3 was g iv e n  a  summary o f  e x p e r im e n ta l  d a t a  
on  t h e  s o l u b i l i t y  o f  g a s e s  i n  s o l v e n t s  t o g e t h e r  w i t h  an  
a c c o u n t  o f  t h e  m ain  t h e o r i e s  d e a l i n g  w i th  t h e  s o l u b i l i t y  
o f  g a s e s .  A t p r e s e n t ,  t h e r e  a r e  r e a l l y  o n ly  t h r e e  m ain  
t h e o r e t i c a l  a p p ro a c h e s  t h a t  a r e  w id e ly  u se d  and a p p l i e d .  
H i ld e b r a n d * s  r e g u l a r  s o l u t i o n  t h e o r y ,  t h e  s c a l e d - p a r t i c l e  
t h e o r y  (SPT) and t h e  S in a n o g lu -R e is s e -M o u ra  Ramos (SRMR) 
t h e o r y .  The r e g u l a r  s o l u t i o n  t h e o r y  was fou nd  by L in f o r d  
and T h o r n h i l l ^ ?  and a l s o  by M o n fo r t  and h i s  c o -w o rk e r s ^ ^  
to  g iv e n  a  good a c c o u n t  o f  t h e  s o l u b i l i t y  o f  s m a l l  s o l u t e s  
i n  v a r i o u s  n o n p o la r  s o l v e n t s .  How ever, a p a r t  from  i t s  l i m i ­
t a t i o n s  to  r a t h e r  n o n p o la r  a p r o t i c  s o l v e n t s ,  t h e  t h e o r y
s u f f e r s  i n  t h a t  i t  i s  n o t  e n t i r e l y  p r e d i c t i v e  ( a t  l e a s t
29
i n  t h e  m ost r e c e n t  fo rm  u s e d  by L in f o r d  and T h o r n h i l l  ) 
b u t  r e q u i r e s  a  know ledge o f  t h e  s o l u t i o n  p a r a m e te r s  f o r  a  
num ber o f  g a s e s  i n  o r d e r  to  be a b l e  to  p r e d i c t  t h o s e  f o r  
o t h e r  g a s e o u s  s o l u t e s .  More fu n d a m e n ta l  t h e o r i e s  a r e  t h e  
s c a l e d - p a r t i c l e 1: t h e o r y  (SPT) and t h e  SRMR t h e o r y  w h ich  
b o th  s t a r t  from  t h e  p re m ise  t h a t  t h e  s o l u t i o n  p r o c e s s  c a n  
be d iv id e d  i n t o  a  c o n t r i b u t i o n  due to  work o f  c r e a t i n g  
a  c a v i t y  i n  t h e  s o l v e n t  and one due to  t h e  e n e rg y  o f  i n t e r ­
a c t i o n  o f  t h e  s o l u t e  w i th  t h e  s o l v e n t  m o le c u le s  t h a t  
s u r ro u n d  t h e  c a v i t y .  D e t a i l e d  d e s c r i p t i o n s  o f  t h e s e  two 
t h e o r i e s  w ere  g iv e n  i n  C h a p te r  3 .
I t  i s  p o s s i b l e  to  c a l c u l a t e  t h e  f r e e  e n e rg y  ch an g es
f o r  c a v i t y  f o r m a t io n  and s o l u t e - s o l v e n t  i n t e r a c t i o n  u s i n g
12 20a  s p e c i f i c  model f o r  t h e  l i q u i d  s t a t e .  I t  h a s  b e e n  .shown *  
t h a t  t h e  s c a l e d - p a r t i c l e  t h e o r y  i s  p a r t i c u l a r l y  s u i t a b l e  
f o r  t h i s  p u rp o s e  and h a s  b e en  u se d  to  c a l c u l a t e  t h e  s o l u ­
b i l i t y  o f  many g a s e s  i n  a  v a r i e t y  o f  s o l v e n t s  w i t h  c o n s i d e -  
112r a b l e  s u c c e s s ,
9B a t t i n o  h a s  m e n t io n e d  th e  s u c c e s s f u l  a p p l i c a t i o n  o f
th e  s c a l e d  p a r t i c l e - t h e o r y  to  g a s  s o l u b i l i t i e s  a s  ad v an c ed
16 19 1 114by R e i s s  e t  a l ,  •P i e r o t t i ,  and W ilhe lm  and B a t t i n o  ■ ' 9
T h is  t h e o r y  a l lo w s  t h e  p r e d i c t i o n  o f  s o l u b i l i t y  and
th e  d e r i v e d  therm odynam ic  p r o p e r t i e s  A S ° ,  A h0 e t c .  I t
a l s o  makes p o s s i b l e  t h e  d i s c u s s i o n  o f  s p e c i f i c  s o l u t e -
115s o l v e n t  i n t e r a c t i o n s .
The s c a l e d - p a r t i c l e  t h e o r y  h a s  b e e n  a p p l i e d  to  a q u eo u s  
and n o n -a q u e o u s  s o l u t i o n s .  T h ere  can  be  no q u e s t i o n  t h a t  
i t  p r o v i d e s  an  o p p o r t u n i t y  to  i n v e s t i g a t e  s o l u t i o n  t h e r ­
modynamics i n  a  m anner w hich  h a s  n o t  b e en  a v a i l a b l e  up  to  
t h i s  t im e .  T h is  comes a b o u t  b e c a u s e  t h e r e  i s  no c o m p a ra b le  
way to  a c c o u n t  f o r  t h e  e n th a lp y  and e n t r o p y  c h a n g e s  a s s o ­
c i a t e d  w i th  t h e  e x c l u s i o n  o f  volum e i n  a  s o l v e n t .  One 
im p o r t a n t  f e a t u r e  o f  t h e  p r e s e n t  t h e o r y  i s  t h a t  t h e  s t r u c t u r e  
o f  t h e  s o l v e n t  ( o t h e r  t h a n  i t s  p r e s s u r e ,  d e n s i t y  and 
d i a m e te r  and t h e i r  t e m p e r a tu r e  d e r i v a t i v e s )  i s  n o t  e x p l i ­
c i t l y  c o n s i d e r e d ,  and h e n ce  w a te r  and o t h e r  s o l v e n t s  a r e
21e q u a l l y  w e l l  h a n d le d  by th e  th e o ry . '
1 Q
P i e r o t t i  ^ h a s  s u g g e s te d  t h a t  t h e  s o l u b i l i t y  o f  g a s e s  
i n  w a te r  i s  a d e q u a te ly  d e s c r i b e d  by th e  same t h e o r y  w hich  
s u c c e s s f u l l y  d e s c r i b e s  t h e  s o l u b i l i t y  o f  g a s e s  i n  o r g a n i c  
s o l v e n t s .  To p ro v e  t h i s ,  he  h a s  com pared th e  t h e o r e t i c a l  
and e x p e r i m e n t a l  s o l u b i l i t y  d a t a  o f  a rg o n  and n i t r o g e n  i n  
w a te r  and b e n ze n e  a t  2 9 8 .15K. He showed t h a t  t h e  a g re e m e n t  
b e tw een  t h e o r y  and e x p e r im e n t  f o r  b o th  g a s e s  i n  b o th  s o l v e n t s  
i s  v e r y  good ev en  th o u g h  t h e  m ag n itu d e  o f  therm odynam ic  
p r o p e r t i e s  v a r y  w id e ly  from  b enzene  to  w a t e r .  He h a s  fo u nd  
t h a t  t h e  s c a l e d - p a r t i c l e  t h e o r y  g i v e s  a  good a p p r o x im a t io n  
f o r  t h e  r e v e r s i b l e  work o f  c a v i t y  f o r m a t io n  i n  b o th  a q u eo u s
and n o n -a q u e o u s  s o l v e n t s .
' 2 2 1 1 6DeLigny 9 h a s  i n v e s t i g a t e d  t h e  a p p l i c a b i l i t y  o f  
P i e r o t t i f s  t h e o r y  to  b o th  s m a l l  and l a r g e  s o l u t e  m o le c u le s  i n  
s e r i e s  o f  s o l v e n t s ,  r a n g i n g  i n  p o l a r i t y  from  h e x a n e  to  
d im e t h y l s u lp h o x i d e .  He s u g g e s te d  t h a t  t h i s  t h e o r y  g i v e s  a  
good a p p ro x im a t io n  o f  g a s  s o l u b i l i t i e s  i n  s o l v e n t s  c o n s i s t ­
i n g  o f  g l o b u l a r ,  e l o n g a t e d ,  g i a n t ,  a p o l a r ,  m o d e r a te ly  and  
s t r o n g l y  p o l a r  a p r o t i c  m o le c u l e s .  I t  even  h o l d s  f o r  t h e  
vapour, l i q u i d  e q u i l i b r i a  o f  t h e  p u re  s o l v e n t s .  S o l u b i l i t i e s  
i n  a l k a n e ,  c y c lo h e x a n e  and  a ro m a t i c  s o l v e n t s  can  be p r e ­
d i c t e d  w i th  an  a c c u ra c y  r a n g in g  fi'om 15% fox' l i g h t  g a s e s  
to  30% f o r  h e av y  o n e s .  I n  s p i t e  o f  a l l  t h i s  work i t  i s  s t i l l  
im p o r t a n t  to  exam ine i n  d e t a i l  t h e  two m ost fu n d a m e n ta l  
t h e o r i e s  w hich  have  b een  p u t  fo rw a rd  to  d a t e .
5 . 2 .  A t e s t  o f  P i e r o t t i * s  t h e o r y  11 S c a l e d - P a r t i c l e  T h eo ry ” 
( S P T ).
D e t a i l s  and  m ethods o f  c a l c u l a t i o n  hav e  b e en  g iv e n  
p r e v i o u s l y  i n  C h a p te r  3 .  We u s e  e x a c t l y  t h e  same p r o c e d u r e  
a s  P i e r o t t i  t o  c a l c u l a t e  t h e  therm odynam ic  p r o p e r t i e s ;  
co m p u te r  p ro g ram  CK2P ( s e e  A ppend ix )  was u se d  f o r  c a l c u ­
l a t i o n s .  T a b le ( 5 « 1 )  shows t h e  p h y s i c a l  p r o p e r t i e s  o f  19 s o l u t e s  
w h ich  h av e  b e e n  u s e d .
5 . 2 . A. D e te r m in a t io n  o f  h a r d  s p h e r e  d i a m e t e r s  ( 0*^) and ( cfo)*
S e v e r a l  w o rk e rs  h av e  s u g g e s te d  m ethods o f  e s t i m a t i n g  t h e  
h a r d  s p h e r e  d i a m e te r  o f  a  s o l v e n t  ( CT^ ) o r  s o l u t e  ( CT^) 
m o le c u le s .
I .  S to c k m a y e r  p o t e n t i a l  p a i’a m e te r .
An a p p ro x im a te  e s t i m a t i o n  t e c h n iq u e  to  d e te rm in e  t h e
d i a m e te r  o f  n o n -h y d ro g e n -b o n d e d  p o l a r  m o le c u le s  and  h y d r o -
117g en -b o n d ed  m o le c u le s  was g iv e n  ' a s  f o l lo w s
n o n -h y d ro  gen -b o n d ed  o'. -  0 .7 8 5 V ^ /^  ( 5 —1I V
h y d ro g e n -b o n d e d  OV, = 36 .9 V 1' 5Z ^’ 75 ( 5 - 2 )^ o c
w here  V i s  t h e  c r i t i c a l  v o lum e, Z i s  t h e  c r i t i c a l  com- c 9 c
p r e s s i b i l i t y  f a c t o r  and i s  d e f i n e d  a s
Z = I> V / RS ( 5 - 3 )c c c c
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where P Q and a r e  t h e  c r i t i c a l  p r e s s u r e  and  c r i t i c a l  
t e m p e r a tu r e  r e s p e c t i v e l y *  I n  T a b le (5 « 2 )  and column 1 a r e  
g iv e n  ( <£j 2 )  o f  some l i q u i d  s o l v e n t s  e s t i m a t e d  by  t h i s  
m ethod ,
I I .  S t e i l  and Thodos m ethod .
117S t e i l  and  Thodos h av e  shown t h a t ,  f o r  many o r g a n i c  
m a t e r i a l s  t h e  f o l l o w i n g  r e l a t i o n s  may be em ployed
0 .1866V 1/ 5 Z “ 6^ 5 (2 )  ( 5 - 4 )c 0
0 .8 1 2 (T  /1> ) 1/ 3 z - 13 /1 5  (£ )  ( 5 - 5 )
c c c
T a b l e ( 5 .2 )  column 2 shows d i a m e t e r s  (2 )  w h ich  h a v e
b e en  e s t im a t e d  by t h i s  m ethod .
I I I ,  Use o f  th e  s c a le d  p a r t i c l e  th e o ry  (SPT).
I t  was s t a t e d  b e f o r e  i n  C h a p te r  3 t h a t  a  p l o t  o f  
l o g a r i t h m  o f  t h e  e x p e r im e n ta l  H e n r y ’ s  la w  c o n s t a n t  (InK ^) 
vs ,  t h e  p o l a r i z a b i l i t y  o f  r a r e  g a s e s  i s  a  sm ooth c u r v e  
P i g .  ( 3 . 3 ) .  A c o n seq u e n ce  o f  t h i s  i s  t h a t  i f  one  h a s  t h e  
s o l u b i l i t y  o f  t h e  i n e r t  g a s e s  i n  a  g iv e n  s o l v e n t  i t  i s  
p o s s i b l e  to  c a r r y  o u t  t h e  e x t r a p o l a t i o n  o f  t h i s  c u r v e  to  
z e ro  (<^2~0) and d e te r m in e  lnK° o f  t h e  h a r d  s p h e r e  ( (5 
2 .5 8 2 )  i . e .
S in c e  t h e  v a lu e  o f  I n  K° d e te r m in e d  by t h e  e x t r a p o ­
l a t i o n ,  i s  d e f i n e d  a s
I n  K° = G /RT + ln (R T /? . , )  ( 5 - 6 )
i t  i s  c l e a r  t h a t  i t s  v a l u e  dep en d s  o n ly  on  t h e  p r o p e r t i e s  
o f  t h e  s o l v e n t  <Xj, , T ( s e e  a l s o  e q u a t io n  ( 3 - 2 0 ) ) ,
and t h e  h a rd  s p h e r e  d i a m e te r  = 2 .58& . I f  o ne  t a k e s  <Xj
to  be an  unknown, t h e n  i t  i s  p o s s i b l e ,  from  t h e  i n t e r c e p t  
o f  th e  I n  Kg v s  06 c u r v e ,  to  d e te rm in e  t h e  h a r d - s p h e r e  
d i a m e te r  o f  t h e  s o l v e n t  y  o' . T a b l!e ( 5 .2 )  column 3 i n d i c a t e s  
v a l u e s  o f  f o r  a  num ber o f  s o l v e n t s  d e te r m in e d  i n  t h i s  
m anner,
IV . Use o f  h e a t  o f  v a p o r i z a t i o n  ( A H °) .
20P i e r o t t i  d e te r m in e d  0 v a l u e s  from  h e a t s  o f  v a p o ­
r i z a t i o n  o f  t h e  l i q u i d s ,  u s i n g  e q u a t io n  (3 -3 9 )*  Column 4 
i n  T a b l e ( 5 * 2 )  shows d  v a lu e s  c a l c u l a t e d  i n  t h i s  way. T h i s  
method c a n n o t  be u s e d  f o r  w a te r  and a l c o h o l s .
V. S te a rn -E y r in g  m ethods.
11 ftS t e a r n  and E y r in g  have  s u g g e s te d  e q u a t i o n  ( 5 - 1 )  
to  c a l c u l a t e  t h e  d i a m e te r  o f  a  m o le c u le  ( T a b l e ( 5 .2 )  column 5)
<3 = 2(V/8N) = 2 ( 0 . 2075V)1/ 3 ( i )
( 5 - 7 )
V I .  Neumann*s m ethod .
119A m ethod h a s  h e en  p r e s e n t e d  by  Neumann f o r  o b t a i n i n g  
(Xj f o r  s o l v e n t s  f o r  w hich  g a s  s o l u b i l i t y  d a t a  a r e  n o t  
a v a i l a b l e .  The method i s  b a se d  o n  an  e m p i r i c a l  c o r r e l a t i o n  
b e tw een  t h e  s u r f a c e  t e n s i o n  o f  t h e  s o l v e n t  and t h e  f u n c t i o n
1 3y 3y
1 -y  2 (l"-y)^
( 5 - 8 )
w h ich  a p p e a r s  i n  e x p r e s s i o n s  f o r  t h e  s u r f a c e  t e n s i o n  and 
t h e  c a v i t y  e n e rg y  i n  t h e  s c a l e d - p a r t i c l e  t h e o r y .  I n  T a b le  
(5*2) column 6 a r e  g iv e n  some clj v a l u e s  e s t i m a t e d  by t h i s  
m ethod .
120Mayer h a s  s i m p l i f i e d  e q u a t i o n  (5 - 8 )  and  h a s  d e t e r ­
mined t h e  d i a m e te r s  o f  some l i q u i d s  a t  d i f f e r e n t  t e m p e r a t u r e s  
th r o u g h  e q u a t io n
%  = m
4V (1-y)
( 5 - 9 )
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In  T a b le ( 5 .3 )  are  g iv e n  s o l u t e  d ia m eters  ( &*$)■ u sed
by v a r i o u s  w o rk e rs*  I t  seem s c l e a r  t h a t  an y  a n a l y s i s  o f
AG-0 v a l u e s  and s o l u t e  s i z e  w i l l  s u f f e r  from  t h e  i n h e r e n t  s
d i f f i c u l t y  o f  a s s i g n i n g  s o l u t e  d ia m e te r s *
I n  o u r  c a l c u l a t i o n  we u s e d  s o l v e n t  d i a m e t e r s  g i v e n  by
19 113P i e r o t t i  and B a t t i n o  , T a b l e ( 5 .2 ) *  Some s o l u t e  d i a ­
m e te r s  w hich  a r e  shown i n  T a b l e (5*3) w ere  a l s o  t a k e n  f ro m  
21P i e r o t t i  and f o r  o t h e r s  a s  w e l l  a s  f o r  l a r g e  s o l u t e s  t h e
d ia m e te r s  w ere  c a l c u l a t e d  by t h e  S t e a r n - E y r i n g  method*
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5 .2 .B .  E v a l u a t i o n  o f  t h e  e n e rg y  p a r a m e te r s  ( s ^ / k ) , ( e ^ / k ) .
P i e r o t t i  and  B a t t i n o  i n  a l l  t h e i r  p a p e r s  c o n c e r n in g  
s c a l e d - p a r t i c l e  t h e o r y  hav e  e v a l u a t e d  t h e  L e n a r d - J o n e s  
e n e rg y  p a r a m e te r  th r o u g h  e q u a t io n  (5 -1 0 )
RTln Kjj -  Gc + R T ln (R T /f  1)■'+ 1 .3 3 3 *  p N ( |i  \ o -  2 !  c q 2 ) =
= ' - 3 .5 5 5  pR d ^ 2 ( G 2/ k ) ^  (5 -1 0 )
The l e f t  hand  s i d e  o f  e q u a t i o n  (5 - 1 0 )  can  be c a l c u l a t e d
from  known p a r a m e te r s  ( i n c l u d i n g  cT^) and r e s u l t s  o f  g a s
s o l u b i l i t y  m e a su re m e n ts ,  w h e rea s  on t h e  r i g h t  hand  s i d e
o n l y  ( e ^ / k )  r e m a in s  unknown. Thus a  p l o t  o f  t h e  ( l . h . s . )
1/
vs . ( / ^ )  2 s h o u ld  g iv e  a  s t r a i g h t  l i n e  w i t h  s l o p e
- 3 .5 5 5 *  pR(
116De L ig n y  h a s  c a l c u l a t e d  ( £ ^ /k )  f o r  a  few  s o l v e n t s
a ssu m in g  ( £ 2/ ^ )  ^o r  and he  h a s  com pared
h i s  v a l u e s  w i th  t h e  v a l u e s  o f  ( £ ^ / k )  fo u n d  fro m  v a p o u r
v i s c o s i t i e s .  T h e re  a r e  l a r g e  d i f f e r e n c e s  be tw een  t h e  v a l u e s
c a l c u l a t e d  by t h e  two m e th o d s .
116De L ig n y  a l s o  c a l c u l a t e d  t h e  v a l u e s  o f  ( e 2 / ^ )
f o r  t h e  r a r e  g a s e s ,  m ethane  and t h e  t e t r a - a l k y l  compounds 
from  t h e i r  s o l u b i l i t i e s  i n  t h e  v a r i o u s  s o l v e n t s ,  and he h a s  
c a l c u l a t e d  ( e 2/ lc) *’o r  t e t r a - a l k y l  compounds from  t h e i r  
v a p o u r  p r e s s u r e ,  T a b l e ( 5 . 4 ) .
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S t e i l  and T h o d o s 1 1 ^  h av e  s u g g e s te d  e q u a t io n  (5 -1 1 )  t o  
e s t i m a t e  L e n n a r d - J o n e s  e n e rg y  p a r a m e te r  ( T a b l e ( 5 . 5 ) )
e / k  = 6 5 .5T z ! 8 /5  (5 -1 1 )c e
Mayer 117 h a s  u s e d  e q u a t i o n  (5 -1 2 )  and ( 5 -1 3 )  t o  c a l ­
c u l a t e  e / k  f o r  n o n -h y d ro g e n  bonded and h y d ro g en  bonded  
compounds ( T a b l e ( 5 * 5 ) ) .
n o n -h y d ro g e n  bonded e / k  = 0 .897T  (5 -1 2 )c
h y d ro g e n  bonded  8 / k  =*. 0 .0033T  /Z ^c c
(5 -1 3 )
5 .3  A t e s t  o f  S in a n o g lu -R e is s e -M o u ra  Ramos T heo ry  (SRMR).
A q u i t e  d i f f e r e n t  m ethod o f  o b t a i n i n g  c a v i t y  te rm s  
was s u g g e s te d  by S in a n o g lu  73 and a p p l i e d  r e c e n t l y  by 
R e i s s e  and Moura Ram os.7.1 T hese  l a t e r  w o rk e rs  make no 
a t t e m p t  to  c a l c u l a t e  t h e  i n t e r a c t i o n  te rm  b u t  d ed u ce  t h i s  
t e rm  from  t h e  e x p r e s s io n
A P ° ( i n t . ) = AP° -  A P °(ca .v .)  (5 - 1 4 )
w here  P = G,H o r  S ( s e e  a l s o  C h a p te r  3 ) .
I n  t h i s  method (SRMR), t h e  m o la r  vo lum es o f  t h e  s o l u t e  
a r e  u se d  r a t h e r  t h a n  t h e i r  d i a m e t e r s ,  and we to o k  v a l u e  
g iv e n  by A h m e d 1 0 f  y  _ 1 3 8 . 5 3  cm^mol~1 f o r  M e.Sn.
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We u s e  e x a c t l y  t h e  same p r o c e d u r e  a s  Moura Ramos to  c a l c u ­
l a t e  t h e  therm odynam ic  p r o p e r t i e s ,  P o r  t h i s  p u r p o s e  com pu te r  
p rog ram  CK2M ( s e e  A ppend ix )  was u s e d ,  and t h e  d a t a  w hich  
hav e  h e e n  u s e d  a r e  g iv e n  i n  T a b le (5 « -6 ) , .
T a b le s ( 5 « 8 )  to  ( 5 . H )  show t h e  therm odynam ic  f u n c t i o n s  
o f  1 8 s o l u t e s  i n  6 s o l v e n t s  w h ic h  h av e  b e e n  c a l c u l a t e d  by 
u s i n g  s c a l e d - p a r t i c l e  t h e o r y  (SPT) and S i n a n o g l u - R e i s s e -  
Moura Ramos (SRMR) t h e o r y .
I t  i s  c l e a r  t h a t  t h e  f r e e  e n e r g i e s  o f  c a v i t y  f o r m a t io n  
d i f f e r  w id e ly  on  t h e  two t h e o r i e s ,  and t h a t  r e s u l t s  i n  
t e rm s  o f  e n t h a l p i e s  and e n t r o p i e s  o f  c a v i t y  f o r m a t i o n  a r e  
so d i f f e r e n t  t h a t  one  o r  t h e  o t h e r  m ust be  e r r o n e o u s .  The 
f r e e  e n e r g i e s  o f  i n t e r a c t i o n  v a r y  c o n s i d e r a b l y  o n  t h e  two 
a p p ro a c h e s  u s e d ,  t h a t  i s  t h e  L e n n a r d - J o n e s  and K irk w o o d -  
M u l le r  m e th o d s .  S in c e  t h e r e  a r e  two m ethods o f  c a l c u l a t i o n  
o f  t h e  c a v i t y  te rm s  (SPT and SRMR) and t h e r e  a r e  two m ethods 
o f  c a l c u l a t i o n  o f  t h e  i n t e r a c t i o n  te rm  ( L , J ,  and  K ,M .) ,  
t h e r e  a r e  f o u r  p o s s i b l e  v a l u e s  f o r  t h e  com bined c a v i t y  p l u s  
i n t e r a c t i o n  t e r m s ,  i . e ,  f o r  th e  o v e r a l l  s o l u t i o n  p a r a m e t e r s .  
I t  i s  c l e a r  f rom  t h i s  w ork , t h a t  t h e  b e s t  a g re e m e n t  w i t h  
t h e  o b s e rv e d  f r e e  e n e r g i e s  o f  s o l u t i o n  i s  g iv e n  i f  t h e  
c a v i t y  t e rm  i s  c a l c u l a t e d  by t h e  SPT and th e  i n t e r a c t i o n  
te rm  by L . J ,  t h e o r y  ( s e e  T a b l e ( 5 . 7 ) )  t h i s  c o m b in a t io n  
w orks q u i t e  w e l l  e s p e c i a l l y  f o r  s o l u t i o n  o f  s m a l l  s o l u t e s .
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The same c o m b in a t io n  (SPT p l u s  L . J . )  a l s o  y i e l d  
e n t r o p i e s  o f  s o l u t i o n  i n  w a t e r  t h a t  a r e  i n  v e r y  good a g r e e ­
ment w i th  o b s e rv e d  v a l u e s ,  a g a in  e s p e c i a l l y  f o r  t h e  s m a l l e r  
s o l u t e s ,  See P i g . ( 5 .1 ) «  H ow ever, u s e  o f  (SPT p l u s  l . J * )  
i n  m e th a n o l  and b e n ze n e  d o e s  n o t  g iv e  r e a s o n a b l e  v a l u e s ,  
P i g S i ( 5 . 2 )  and  ( 5 .3 )
As t h e  s o l v e n t  d i a m e t e r  becom es b i g g e r  t h e  d i s a g r e e m e n t  
b e tw een  t h e  c a l c u l a t e d  and  o b s e rv e d  v a l u e s  become l a r g e r ,  
and a s  shown i n  P i g . ( 5 . 3 )  o n ly  f o r  s m a l l  s o l u t e s  c an  any 
a g re em e n t be o b s e r v e d .  I t  sh o u ld  be n o te d  t h a t  t h e  o t h e r  
t h r e e  p o s s i b l e  c o m b in a t io n s  do n o t  y i e l d  r e a s o n a b l e  e n t r o ­
p i e s  o f  s o l u t i o n  f o r  any  s o l v e n t .  A number o f  comments c an
be made c o n c e rn in g  t h e  p r e s e n t  r e s u l t s .
( a )  I t  i s  c l e a r  n e i t h e r  o f  t h e  two t h e o r i e s  c o n s i d e r e d  i s
c o m p le te .
(b )  I n  te i 'm s o f  f r e e  e n e rg y  o f  s o l u t i o n ,  t h e  a g re e m e n t
b e tw een  t h e  o b s e r v e d  v a l u e s  and c a l c u l a t e d  v a l u e s  i s  
good o v e r  a  r a n g e  o f  s m a l l  s o l u t e s .  A p o i n t  o f t e n  made 
i s - t h a t  t h e  s c a l e d - p a r t i c l e  t h e o r y  w orks b e t t e r  f o r  
p o l a r  s o l v e n t s  o f  s m a l l  d i a m e t e r ,  su c h  a s  w a t e r .  T h u s ,  
o v e r  a l l ,  t h e  SPT a p p e a r s  to  p r e d i c t  t h e  s o l u b i l i t y
o f  s m a l l  g a s e s  i n  a  w ide r a n g e  o f  s o l v e n t  w i t h  r e a s o n - ;
9
a b le  a c c u r a c y .  B a t t i n o  c o n c lu d e d  t h a t ,  s i n c e  t h e  SPT
i s  c o n c e rn e d  w i th  t h e  p a c k in g  o f  m o le c u la r  h a r d  c o r e s  
16i n  f l u i d s ,  i t s  s u c c e s s  i n  te rm s  o f  t h e  s o l u b i l i t y
o f  g a s e s  i n  w a te r  r a i s e s  some i n t e r e s t i n g  p o i n t s ,  a s  
f o l lo w s
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F i g . ( 5 .1 )  P l o t  o f  o b s e rv e d  and c a l c u l a t e d  e n t r o p i e s  o f  
s o l u t i o n  o f  gases  i n  w a t e r  a g a i n s t  s o l u t e
d i a m e t e r .
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F i g . ( 5 . 2 ) . P l o t s  o f  o b s e rv e d  and c a l c u l a t e d  e n t r o p i e s  o f  
o f  s o l u t i o n  o f  gases i n  m e th a n o l  a g a i n s t  
s o l u t e  d i a m e t e r .
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P i g . ( 5 .3 )  P l o t  o f  o b s e r v e d  and c a l c u l a t e d  e n t r o p i e s  o f
s o l u t i o n  o f  gaseous s o l u t e s  i n  b e n z e n e  a g a i n s t  
s o l u t e  d i a m e t e r .
(1 )  L iq u id  w a te r  b e h a v e s  a s  th o u g h  i t  w ere made up o f  
m o le c u l a r  c a v e s , o f  d i a m e te r  2 .7 7 2 ,  c o n f in e d  to  a  
volum e d e te r m in e d  by i t s  d e n s i t y .  A l th o u g h  t h e  i n t e r -  
m o le c u la r  i n t e r a c t i o n s  i n c l u d i n g  h y d ro g en  b o n d in g  
d e te r m in e  t h e  volume a v a i l a b l e  to  t h e s e  c a v e s ,  t h e i r  
p a c k in g  i s  i n  a c c o rd  w i th  t h e  SPT a t  l e a s t  i n s o f a r
a s  t h e  i n t e r a c t i o n  o f  an  a d d i t i o n a l  h a rd  s p h e r e  i s  
c o n c e r n e d .
(2 )  The therm odynam ic  p r o p e r t i e s  o f  g a s  s o l u b i l i t y  i n  w a t e r  
and o r g a n i c  s o l v e n t s  a r e  e x p l a i n a b l e  i n  t e rm s  o f  one  
t h e o r y  and t h i s  t h e o r y  i n v o l v e s  no a s s u m p t io n  con­
c e r n i n g  t h e  s t r u c t u r e  o f  t h e  s o l v e n t .
T h is  c o n c l u s i o n  o f  B a t t i n o  d o e s  n o t  seem to  be complete* 
l y  c o r r e c t ,  b e c a u s e  i f  we compare t h e  r e s u l t  f o r  w a t e r  t o  
t h a t  f o r  a  n o n - p o l a r  s o l v e n t  l i k e  b en zen e  o r  h e x a n e ,  i t  
seems c l e a r  t h a t  t h e  m ain  r e a s o n  why t h e  SPT w orks f o r  w a t e r  
i s  due to  t h e  s m a l l  d i a m e te r  o f  w a t e r  ( 0 ^ = 2 .7 7 2 ) .  B e s id e s  
t h e  SPT h a s  b e en  b a se d  upon  t h e  c o n c e p t  o f  t h e  s o l v e n t  
c o n s i s t i n g  o f  r i g i d ,  h a r d  s p h e r e ,  s p h e r i c a l  m o le c u l e s ,  and  
w a te r  d e f i n i t e l y  d o es  n o t  c o n s i s t  o f  su c h  m o le c u l e s .
One o f  t h e  g r e a t  c r i t i c i s m s  o f  P i e r o t t i f s  work i s  
t h a t ,  i n  te rm s  o f  A& ( o r  Kw ),, t h e  t h e o r y  i s  n o t  a c t u a l l y
S xi
e n t i r e l y  p r e d i c t i v e .  I t  r e q u i r e s  a  know ledge o f  c S ^ , t h e  
h a rd  s p h e r e  d i a m e te r  o f  t h e  s o l v e n t .  As was p re v io u s ly  
d e s c r i b e d ,  t h i s  i s  o b t a i n e d  from  p l o t s  o f  o b s e rv e d  I n  L
n
i n  t h e  g iv e n  s o l v e n t  f o r  r a r e  g a s e s  a g a i n s t  t h e  p o l a r i s a -  
b i l i t y  o f  t h e  g a s  ( s e e  p .  129 ) ,  and so t h e  t h e o r y  c a n n o t  be
u se d  to  p r e d i c t  Kjj f o r  He, Ne, A r ,  e t c * ,  i f  t h e s e  v a lu e s  
a r e  n e ed e d  i n  o r d e r  to  o b t a i n  .
I t  i s  a l s o  q u i t e  r e a s o n a b l e  to  p o i n t  o u t  t h a t  t h e  
c a l c u l a t e d '  v a lu e  o f  t h e  c a v i t y  e n e rg y  (&c a v ) i s  q u i t e  
s e n s i t i v e  to  t h e  v a lu e  o f  « I t  h a s  b e en  o b s e r v e d  t h a t  
a  change  o f  2% i n  r e s u l t s  i n  a  change  o f  a b o u t  15% i n
t h e  c a v i t y  e n e rg y  ( ^ c a v ) • As h a s  b een  d e s c r i b e d  i n  S e c t i o n  
( 5 . 1 «A), s e e  a l s o  T a b l e s ( 5 . 2 )  and ( 5 * 3 ) ,  t h e r e  i s  no r i g o r o u s  
method o f  d e te r m in in g  v a l u e s  o f  , and i n d e e d ,  e s t i m a t i o n s  
o f  d i f f e r  q u i t e  w id e ly  d e p e n d in g  on  t h e  m ethod u s e d .
Thus f o r  s o l v e n t s  i n  w hich  t h e r e  a r e  no I n  v a l u e s  a v a i l a b l e ,
n
t h a t  i s  f o r  w h ich  t h e  t h e o r y  would be e n t i r e l y  p r e d i c t i v e ,  
t h e  p r e d i c t i v e  power o f  SPT can  be no b e t t e r  t h a n  t h e  e s t i ­
m a t io n  o f  t h e  <Xj v a l u e s .  I n s p e c t i o n  o f  T a b l e ( 5 . 1 )  shows 
t h a t  f o r  m ost s o l v e n t s ,  t h e  e s t i m a t e d  <Xj v a l u e s  a r e  se ldom  
c o n s i s t e n t  to  w i t h i n  10%, and f o r  many s o l v e n t s  t h e r e  a r e  
d i s c r e p a n c i e s  o f  20% o r  m ore . T h ese  d i f f e r e n c e s  i n  o' v a l u e s  
c o r r e s p o n d  to  v e r y  l a r g e  d i f f e r e n c e s  i n  t h e  c a l c u l a t e d  
c a v i t y  t e r m s .
The o t h e r  f a c t o r  w h ich  a f f e c t s  t h e  c a l c u l a t i o n  o f  f r e e  
e n e rg y  o f  s o l u t i o n  ( AG0 ) by SPT ( i n t e r a c t i o n  e n e r g y ,  G. )
S  1
i s  t h e  s o l v e n t  and s o l u t e  p o t e n t i a l  e n e rg y  p a r a m e t e r s  ( e ^ / k )  
and ( £ 2/ k )  w hich  m ust be e m p i r i c a l l y  d e t e r m in e d .  As d e s ­
c r i b e d  b e f o r e  ( 5 . 1 . B . ) ,  t h e r e  a r e  s e v e r a l  m ethods o f  e s t i ­
m a t in g  t h e s e  two p a r a m e t e r s ,  T a b l e s ( 5 .4 )  and  ( 5 . 5 ) .
I n s p e c t i o n  o f  P i g s . ( 5 . 1 )  t o . ( 5 .3 )  i n d i c a t e s  t h a t  i n  
t e rm s  o f  e n t r o p y  t h e  SPT i s  a p p l i c a b l e  j u s t  f o r  w a t e r  
and a  r a n g e  o f  s m a l l  s o l u t e s ,  and i t  can  n o t  be  app3«ied 
f o r  t h e  o t h e r  s o l v e n t s  and l a r g e  s o l u t e s .
T h e re  i s  a  s u r p r i s i n g  good a g re e m e n t  b e tw een  o b s e r v e d  
f r e e  e n e r g y  and c a l c u l a t e d  f r e e  e n e rg y  o f  s o l u t i o n  
j u s t  f o r  s o l v e n t s  w i th  c o n s i d e r a b l e  h y d ro g e n  b o n d in g ,  
i . e .  w a t e r  l a n d  t h e  s m a l l  a l c o h o l s ,  even  th o u g h  t h e  
s c a l e d - p a r t i c l e  t h e o r y  (SPT) can  n o t  r e a l l y  be v a l i d  
f o r  t h e s e  h y d ro g e n  bonded s o l v e n t s .
P o l lo w in g  o u r  c a l c u l a t i o n s ,  i t  i s  e a s y  to  s e e  t h a t  i n  
t h e  c a s e  o f  e n t h a l p i e s  and e n t r o p i e s  o f  s o l u t i o n  t h e r e  
w i l l  be v e r y  c o n s i d e r a b l e  d isag z 'eem en t  b e tw ee n  th e  
c a l c u l a t e d  te rm s  and t h e  o b s e r v e d  t e r m s .  ,
P i e r o t t i  s u g g e s te d  two a p p ro a c h e s  to  e s t i m a t e  t h e  i n ­
t e r a c t i o n  t e r m ,  one  i s  by means o f  t h e  K irk w o o d -M u lle r  
f o r m u la ,  and t h e  o t h e r  i s  i n  te rm s  o f  t h e  e m p i r i c a l l y  * 
d e te rm in e d  l e n n a r d - J o n e s  ( e q u a t i o n  ( 6 - 1 2 ) )  e n e rg y  
p a r a m e t e r s  ( T a b l e ( 5 . 7 ) ) . He h a s  shown t h a t  t h e r e  i s  
a  good a g re e m e n t  be tw een  t h e  o b s e r v e d  v a l u e s  and  c a l ­
c u l a t e d  v a l u e s  o f  f r e e  e n e r g i e s  o f  s o l u t i o n  ( AG°) 
o f  r a r e  g a s e s  and l i g h t  a lk a n e s  i n  ben zen e  and  a  few  
o t h e r  s o l v e n t s  o n ly  i f  t h e  L e n n a rd -J o n e s  i n t e r a c t i o n  
te rm  i s  u s e d  ( s e e  T a b l e ( 5 . 7 ) ) .
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An i n s p e c t i o n  o f  a l l  t h e  p r e s e n t  T a b l e s ( 5 * 7 )  to  
( 5 - 1 4 ) shows t h a t  c o m p le te ly  d i f f e r e n t  v a l u e s  a r e  
o b t a i n e d  by u s e  o f  t h e  two m ethods o f  c a l c u l a t i n g  
t h e  i n t e r a c t i o n  t e r m ,
P i e r o t t i * s  m ethod s u f f e r s  f ro m  t h e  same f a i l i n g  
a s  d o e s  h i s  m ethod o f  o b t a i n i n g  c v a l u e s ,  nam ely  
i f  g a s  s o l u b i l i t y  d a t a  a r e  u s e d  to  d e d u c e  t h e  ( e ^ /k )  
v a l u e s ,  t h e n  i t  i s  n o t  l o g i c a l  t o  c l a i m  t h a t  u s e  o f  
t h e  same ( ei / k )  v a l u e s  can  p r e d i c t  t h e s e  s o l u b i l i t i e s .
Of c o u r s e ,  t h e  SPT m ethod c o u ld  be  u s e d  to  p r e d i c t  
AS_ and AHe f o r  s o l u t i o n ,  b u t  a s  w i l l  be  s e e n ,
S  3
t h e s e  p r e d i c t i o n s  a r e  n o t  v e r y  good .
C om parison  o f  t h e  c a v i t y  te rm  c a l c u l a t e d  by  SPT and 
SRMR t h e o r i e s  shows c l e a r l y  t h a t  t h e  c a l c u l a t i o n  o f  
c a v i t y  te rm s  c a n n o t  be r e g a r d e d  a s  r e l i a b l e .
The p r e s e n t  c a l c u a l t i o n  i n d i c a t e s  t h a t  f o r  a  l a r g e  
s o l u t e  t h e  SRMR t h o e r y  y i e l d s  more r e a s o n a b l e  v a l u e s  
o f  t h e  c a v i t y  t e r m s .
I n  c o n t r a s t  w i th  SPT t h e  e n t r o p y  o f  c a v i t y  t e r m  c a l ­
c u l a t e d  by SRMR t h e o r y  i s  u s u a l l y  p o s i t i v e  and  g e ts  
b i g g e r  a s  t h e  s i z e  o f  s o l u t e  m o le c u le  i n c r e a s e s  and 
t h i s  c a n n o t  be a c c e p t a b l e ,  i f  t h e  e n t r o p y  o f  i n t e r ­
a c t i o n  i s  s m a l l  o r  z e r o . On t h e  o t h e r  hand  s i n c e  t h e  
e n t r o p y  i s  n e g a t i v e  t h e n  t h e  e n t r o p y  o f  i n t e r a c t i o n  
m ust be more n e g a t i v e  to  overcom e t h e  e n t r o p y  o f  c a v i t y .
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CHAPTER 6
APPI/ICATION OF SCALED PARTICLE THEORY (S P T ) 
AMP SIHANOGIiU-REISSB -MOURA-RAMOS THEORY (SRMR)
TO TETRAMETHY1TIN
116De L ig n y  has i n v e s t i g a t e d  t h e  a p p l i c a b i l i t y  o f  t h e  
SPT to  t h e  s o l u b i l i t y  o f  some t e t r a - a l k y l - c a r b o n ,  s i l i c o n ,  
germ anium  and t i n  compounds i n  some v e r y  p o l a r  s o l v e n t s .  
H ow ever, De L ig n y  o n ly  d e a l t  w i t h  t h e  s o l u b i l i t y  ( i . e .  f r e e  
e n e rg y  o f  s o l u t i o n )  o f  t h e s e  l a r g e  s o l u t e s ,  so t h a t  i n  s p i t e  
o f  t h e  l a r g e  amount o f  e x p e r im e n ta l  work on t h e  th e rm o d y n a ­
m ics  o f  s o l u t i o n  o f  g a s e s  and  v a p o u r ,  t h e r e  i s  s t i l l  a  l a c k  
o f  d a t a  on  t h e  s o l u t i o n  o f  r a t h e r  l a r g e  s o l u t e s .  I t  was 
t h e r e f o r e  d e c id e d  to  s tu d y  i n  t h e  p r e s e n t  work t h e  s o l u t i o n  
o f  t e t r a m e t h y l t i n ,  Me^Sn, a  l a r g e ,  a lm o s t  s p h e r i c a l ,n o n - r  
p o l a r  s o l u t e  w hich  i s  e a s i l y  p u r i f i e d  and  h a n d le d .  One a im  
o f  t h e  p r e s e n t  work was to  d e te r m in e  t h e  therm odynam ic  p a r a ­
m e te r s  f o r  s o l u t i o n  o f  t h i s  s o l u t e  and to  se e  i f  t h e  s o l u t i o n  
t h e o r i e s  t h a t  have  u s t i a l l y  b e en  a p p l i e d  to  s m a l l  s o l u t e s  c a n  
a c c o u n t  a l s o  f o r  t h e  s o l u t i o n  p a r a m e te r s  o f  a  l a r g e  n o n - p o l a r  
s o l u t e .
I n  t h e  p r e v i o u s  c h a p t e r  (5 )  t h e  a p p l i c a b i l i t y  o f  t h e  
two m ost fu n d a m e n ta l  t h e o r i e s ,  i . e .  SPT and SRMR i n  t h e
p r e d i c t i o n  o f  t h e  s o l u t i o n  therm odynam ic  p a r a m e te r s  f o r  a  
w ide ra n g e  o f  s o l u t e s  ( s m a l l - l a r g e )  i n c l u d i n g  Me^Sn was 
t e s t e d .  Hence t h i s  c h a p t e r  w i l l  be d e v o te d  o n ly  to  th e rm o ­
dynam ic p a r a m e te r s  f o r  s o l u t i o n  o f  Me^Sn i n  a  w ide  r a n g e  
o f  s o l v e n t s .
The p h y s i c a l  p r o p e r t i e s  o f  Me^Sn su ch  a s  " V2 , ■' tf2 *
£2/ k  and t h e  m ethods o f  c a l c u l a t i o n  o f  AG°,  AH° and  AS° 
hav e  b e en  d e s c r i b e d  b e f o r e .  F r e e  e n e r g i e s  o f  s o l u t i o n  o f  
Me^Sn h av e  b e en  m easu red  th r o u g h  t h e  H e n r y 's  law  c o n s t a n t .
M ethods o f  m e a su r in g  H e n r y 's  law  c o n s t a n t  h av e  b e e n  
d e s c r i b e d  i n  C h a p te r  2 and d e t a i l s  o f  t h e  m easu rem en ts  
a r e  g iv e n  i n  t h e  e x p e r im e n ta l  p a r t  o f  t h e  p r e s e n t  work i n  
C h a p te r  13. The e n th a lp y  o f  s o l u t i o n  o f  t e t r a m e t h y l t i n  h a s  
b e e n  m easu red  by  t h e  c a l o r i m e t r i c  method w h ich  h a s  a l s o  b e e n  
d e s c r i b e d  p r e v i o u s l y  i n  C h a p te r  2 ,  and d e t a i l s  o f  t h e  
m easu rem en ts  a r e  a l s o  i n  C h a p te r  12 , I n  T a b l e s ( 6 . 2 ) , ( 6 3  ) 
and ( 6 .4 )  a r e  g iv e n  t h e  o b s e rv e d  f r e e  e n e r g i e s ,  e n t h a l p i e s  
and e n t r o p i e s  o f  s o l u t i o n  o f  Me^Sn.
I t  i s  n o t i c e a b l e  t h a t  t h e  o b s e rv e d  e n t r o p y  o f  s o l u t i o n
-1  -1o f  Me^Sn i s  u s u a l l y  a b o u t  -20  to  - 2 1 c a l .K  mol w h ich  i s
t h e  same a s  t h a t  o f  Me^Sn i n  i t s e l f  and i s  t h e  e n t r o p y  o f
c o n d e n s a t io n  o f  Me^Sn, t h e  e n t r o p y  o f  s o l u t i o n  i n  a l c o h o l s
- 1  - 1i s  r a t h e r  more n e g a t i v e ,  a b o u t  -2 4  to  ~ 2 5 ca l .K  m ol.
How g e n e r a l l y  s p e a k in g  t h e r e  a r e  two m a jo r  f a c t o r s  
w h ich  a f f e c t  t h e  r e s u l t s  o f  SPT. The f i r s t  f a c t o r  o n  w h ich  
th e  c a v i t y  t e r m  d ep en d s  i s  t h e  v a l u e s  o f  s o l v e n t  and s o l u t e  
d i a m e t e r s ,  cf| and  c ^ . - I t  was d e s c r i b e d  i n  C h a p te r  5 t h a t
t h e r e  a r e  s e v e r a l  ways o f  o b t a i n i n g  t h e s e  v a l u e s .  Prom t h e
p o i n t ’ o f  c o n s i s t e n c y  one m ig h t  su p p o se  th a t ,  t h e  b e s t  way o f  
o b t a i n i n g  <Xj i s  by t h e  u s e  o f  s c a l e d  p a r t i c l e  t h e o r y  i t s e l f  
( i . e .  I n  Kjj v s .  s e e  = p .  1 2 9 . ) .  How ever, t h e r e  seem s no. 
o b v io u s  " b e s t "  way o f  o b t a i n i n g  v a l u e s .
The se co n d  f a c t o r  i s  t h e  L e n n a rd - J o n e s  p o t e n t i a l
p a r a m e te r s  i . e .  £ - |/k  and r  on  wil -^c 1^ i n t e r a c t i o n
te rm  d e p e n d s .  I t  was p r e v i o u s l y  shown (p .  136  ) t h a t  De 
116L ig n y  h a s  u se d  d i f f e r e n t  v a l u e s  o f  £0/ k  f o r  Me.Sn^ 4
i n  d i f f e r e n t  s o l v e n t s .
SRMR t h e o r y  h a s  n o t h in g  to  do w i t h  t h e  i n t e r a c t i o n ,  p a r t  
s i n c e  t h e  i n t e r a c t i o n  p a r t  i s  c a l c u l a t e d  by  s u b t r a c t i n g  t h e  
c a l c u l a t e d  v a l u e s  o f  t h e  c a v i t y  fro m  t h e  o b s e r v e d  v a l u e s  
u s i n g  e q u a t io n  ( 5 - 1 4 ) .  Hence i t  c a n n o t  be  u s e d  to  p r e d i c t  
t h e  s o l u b i l i t y  o f  g a s e s  o r  v a p o u rs  i n  s o l v e n t s ,  u n l e s s  i t  
i s  com bined w i t h  e i t h e r  t h e  L e n n a r d - J o n e s  o r  K i r k w o o d -M u lle r  
m ethod f o r  c a l c u l a t i o n  o f  t h e  i n t e r a c t i o n  p a r t .
I n  t h i s  w ork , b o th  SPT and SRMR t h e o r y  f o r  t h e  c a l c u ­
l a t i o n  o f  t h e  c a v i t y  te rm s  have  b e en  com bined w i t h  t h e  two 
m ethods o f  c a l c u l a t i o n  o f  t h e  i n t e r a c t i o n  t e r m ,  b a s e d  on  
L - J  and K-M p a r a m e t e r s .  T h ere  a r e  t h u s  f o u r  p o s s i b l e  com bi­
n a t i o n s ,  I t  i s  r e a s o n a b l y  c l e a r  t h a t  (S P T /L -J )  i s  g e n e r a l l y  
t h e  b e s t  m ethod , i n  te rm s  o f  ACr°, AH° , and A S ° , s i n e
S S  S
t h e  o t h e r  t h r e e  m ethods y i e l d  v e r y  p o o r  r e s u l t s  i n d e e d .
Even (S P T /L -J )  d o es  n o t  g iv e  p a r t i e u l a r 3 . y  good a g re e m e n t  
w i t h  e x p e r im e n t ,  and  t h e s e  r e s u l t s  o n ly  c o n f i r m  p r e v i o u s  c o n  
e l u s i o n s  ( s e e  C h a p te r  5) t h a t  s c a l e d  p a r t i c l e  t h e o r y  i s  
o f  o n ly  l i m i t e d  v a lu e  i n  t h e  p r e d i c t i o n  o f  th e rm o d y n am ic  
p a r a m e te r s  f o r  s o l u t i o n  o f  a  l a r g e  s p h e r i c a l  s o l u t e .
As d i s c u s s e d  a b o v e ,  one  o f  t h e  m ain f a c t o r s  a f f e c t i n g  
t h e  r e s u l t s  o f  SPT i s  t h e  s o l u t e  d i a m e t e r ,  cT , and  s o l v e n t  
d i a m e t e r ,  * I t  m ig h t  t h e r e f o r e  be c la im e d  t h a t  t h e  r e s u l t s  
i n  T a b l e s ( 6 .2 )  to  ( 6 . 4 )  a r e  e r r o n e o u s ,  b e c a u s e  11 i n c o r r e c t ” 
v a l u e s  o f  and  have  b e e n  u s e d .  I n  o r d e r  t o  i n v e s ­
t i g a t e  t h i s  p o i n t  we h av e  t a k e n  se v e n  s o l v e n t s  f o r  w h ich  
t h e  fu n d a m e n ta l  p a r a m e te r s  < 5 ^ and 6 ^ /k  h av e  b e e n  o b t a i n e d
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by B a t t i n o  u s i n g  SPT. V a lu e s  o f  h av e  t h e n  b e e n
v a r i e d  by  t r i a l  and e r r o r  u n t i l  a g re em e n t b e tw ee n  c a l c u l a t e d
and  o b s e rv e d  AG° v a l u e s  i s  o b t a i n e d .  R e s u l t s  a r e  i ns
T a b l e ( 6 . 1 ) .  Two m a jo r  comments c a n  be  made a b o u t  t h e s e
r e s u l t s .  F i r s t l y ,  t h e  same <3^ , a n ^ v a l u e s  t h a t
oy i e l d  f o r  g iv e n  s o l v e n t  t h e  o b s e r v e d  v a l u e s  o f  AC , dos
n o t  g iv e  t h e  c o r r e c t  v a l u e s  f o r  AH0 o r  AS0 . T h e r e f o r e ,s s
we c o n c lu d e  t h a t  f o r  a  g iv e n  s o l v e n t  t h e r e  i s  i n  g e n e r a l  no
s e t  o f  CTj , c*2 9  and 6 ^ /k  v a l u e s  t h a t  w i l l  y i e l d  a g re e m e n t
w i t h  t h e  e x p e r im e n ta l  v a l u e s  f o r  a l l  t h e s e  p a r a m e t e r s  AG°,s
AH° and AS0 . S e c o n d ly ,  a l t h o u g h  i t  i s  p o s s i b l e  to  o b t a i n  s s
C$2 v a l u e s  to  y i e l d  c o r r e c t  v a l u e s  o f  ^.G0 , t h e s e
v a l u e s  v a r y  w id e ly  from  s o l v e n t  to  s o l v e n t ,  b e in g  a s  low
a s  2 .  432 i n  a c e to n e  ( n o t e  t h a t  <31 f o r  Me.Sn i s  6 .1 3 $  )♦2  4
T h e r e f o r e  i f  a  d i f f e r e n t  <51 v a lu e  h a s  to  be  u s e d  f o r
c.
eac h  s o l v e n t ,  i t  i s  e v i d e n t  t h a t  SPT c a n n o t  be u s e d  to
p r e d i c t  t h e  Aq°  v a l u e s  f o r  a  s o l u t e  su ch  a s  t e t r a m e t h y l t i n .s
The p r e s e n t  r e s u l t s  t h u s  show q u i t e  c o n c l u s i v e l y  t h a t  
n e i t h e r  SPT n o r  SRMR t h e o r y  can  be u se d  to  p r e d i c t  t h e  
therm odynam ic  p a r a m e te r s  o f  s o l u t i o n  o f  a  l a r g e  s o l u t e  i n  
no naqueou s  s o l v e n t s .
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T a b le (6 .3 )  E nthalp ies  o f  s o lu t io n  o f  I«ie,Sn in  d i f f e r e n t  s o lv e n ts  c a lcu la te d,   * r .-----  : lr ' H - ....
by d i f f e r e n t  methods and observed v a lu es  o f  s o lu t io n  .in k c a l . rnol 
a t  2 9 8 .15K.
S olvent
------------------  AH0s
SPT/L-Jb SPT/K-M
(C a ld .) -------
c S /L-Jd S/K-Me Obsd.a
V/ater -13 .1 -  9 .0 17.3 21. 5
Methanol -  8 .5 -  0 .3 -  0 .2 8 .0 - 6 . 6
Ethanol -  7 .7 0 .3 0 .4 8 .5 - 6 . 9
1-Propanol -  9 .2 0 .1 -  1 .0 8 .3 -7 .1
DMP -1 2 .4 -  1.1 2 .6 13 .9 - 5 . 9
DMSO -  0 . 8 8 .8 -2 1 .1 -1 1 .4 - 5 .0
A c e t o n i t r i l e -1 1 .2 0 . 8 -1 2 .3 -  0 .2 - 5 .3
Nitrobenzene -  3 .5 8.1 -  1 .3 10.3 - 6 . 3
Acetone -  7.1 3.1 -  3.1 7 .0 - 5 . 9
1 ,2 -D ich loroeth an e -1 0 .2 " 4 .5 0.'1 5 .8 -6 .2
1 f 1-B ich loroethane -  5 .6 3.1 - 3 . 6 5.1 - 6 . 8
1 , 1 ,2 -2 -T e tr a -  
chloroethane -  6 .6 1 *3 0 .0 7 .9 - 6 . 8
Tetr&hydrofuran -  5 .4 3 .8 -  4 .0 5.2 - 7 . 0
E thyl a c e ta te -  5 .9 4 .3 -  3 .7 6 .6 - 6 .3
Chlorobenzene -  6 .7 3 .5 -1 2 .0 -  1 .8 - 1 .1
Chloroform -  6.1 3 .2 -1 1 .2 -  1 .9 - 7 . 0
D ie th y l  e th er - 4 . 3 2 . 9 0 . 4 7 . 7 - 6 . 8
Benzene -  5 .8 3 .9 -  3 .3 6 .4 - 6 .5
Carbon t e tr a c h lo r id e  
Cyclohexane
-  2 .7
-  6 .0 3 .9
-  5 .2
-  4 .7 3 .7
- 7 . 4
- 7 .2
n-IIexane -  4 .3 3 .7 -  4 .5 3 .7 - 7 .2
Me.Sn4 -  3.1 4 .7
*•
- 7 . 4
AH® * AH°
a: P resent work, 
b; Scaled p a r t i c l e theory (Hc ) + (IK) ca lc u la te d in  terms o f  Lennard-,
energy parameters.
c: Scaled particle theory’-(H ) + (IK) calculated by Kirkwood-Muller treatment, 
d: Sinanoglu (K ) h- (H^) calculated in terms of Lennard-Jones energy 
parameters.
e: Sinanoglu (H ) + (IK) calculated by Kirkwood-Huller treatment.
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T a b le (6 .4 )  E ntrop ies  o f  s o lu t io n  c a lc u la te d  by SPT and en tro p ies  o f  c a v i ty
formation ca lc u la te d  by d i f f e r e n t  methods and observed en tr o p ie s
- 1 - 1o f  Me.Sn in  d i f f e r e n t  s o lv e n ts  in  cal.K  mol a t  2 9 8 .15K.
  ^               :------------
 ----------- —, Calde -----  Obsd.
* *
S o lv en t  AS° ' AS° AS0 AS°. cav s  s  s '
(SPT) (SRMR) (SPT)
Water -3 4 .3 41 .7 -5 0 .5
Methanol -  5 .6 2 3 .8 -1 9 .6 -2 5 .1
Ethanol -  5 .6 2 4 .7 - 1 8 .9 - 2 4 .7
1-Propanol -  6 .5 25.1 -1 9 .4 -2 4 .3
BMP - 1 5 .8 34 .7 -2 8 .9 -2 1 .4
DMSO 2 .0 -5 8 .9 -1 1 .0 -2 1 .1
A c e t o n i t r i l e -  0 . 8 10 .4 -1 4 .1 -2 0 .6
Nitrobenzene -  1 .8 20 .0 -1 4 .2 -2 1 .7
Acetone 1.2 20 .2 -1 1 .5 - 2 0 .0
1 ,2 -D ich loroethane -  4 .8 2 0 .9 -1 7 .5 -2 0 .1
1 ,1 -D ich loroethane 2 .3 13.3 -1 0 .2 -2 3 .5
1 , 1 , 2 , 2 -T etrach loroethane -  3 .2 19 .6 -1 5 .5 - 2 3 .7
Tetrahydrofuran 4.1 16 .8 -  8 .4 -21 .1
E thyl a c e ta te -1 1 .4 18.3 -2 3 .9 -20 .1 .
Chlorobenzene -  2 .2 -1 1 .2 -1 4 .5 - 2 1 .8
Chloroform 2 0 .9 -2 1 .0
D ie th y l  e th er 3 .9 21 .0 -  8 .0
Benzene 1 .6 19.3 - 1 0 .9 -1 9 .7
Carbon te tr a c h lo r id e 15.4 16.7 3 .5 - 2 1 .9
Cyclohexane 0 . 8 14.7 -1 1 .2
n-Hexane 3 .3 12.4 -  8 .3
Me^Sn 6.5 -  4 .9 -2 1 .1
* Assuming AS^ = 0
CHAPTER 7
SOLVENT EFFECTS ON THE MENSCHUTKIN REACTION
(E t N + E t l ) .
7..1 S o lv e n t  e f f e c t s  on th e  f r e e  e n e r g y ,  e n th a lp y  and en tro p y
o f  t h e  b i m o l e c u l a r  r e a c t i o n  b e tw e e n  t r i e t h y l a m i n e  and  
e t h y l  i o d i d e .
I n  C h a p te r  4 s o l v e n t  e f f e c t s  on t h e  r a t e  o f  r e a c t i o n
b e tw ee n  n e u t r a l  m o le c u le s  w ere  d i s c u s s e d  i n  some d e t a i l *
I t  was s u g g e s te d  t h a t  t h e  p ro b lem  o f  p r e d i c t i n g  s o l v e n t
e f f e c t s  on  r e a c t i o n  r a t e s  i s  t h a t  o f  t h e  p r e d i c t i o n  o f
s o l v e n t  e f f e c t s  o n  t h e  R a o u l t ' s  l a w  a c t i v i t y  c o e f f i c i e n t s  
o f  t h e  r e a c t a n t s  and t h e  t r a n s i t i o n  s t a t e *  I n  g e n e r a l , t h i s  
ty p e  o f  a n a l y s i s  i s  r e s t r i c t e d  to  b i m o l e c u l a r  r e a c t i o n s  
b e tw een  n o n - e l e c t r o l y t e s  su c h  a s  t h e  M e n s c h u tk in  t y p e  
a s  r e a c t i o n  ( 7 - 1 ) ,  and to  t h e  u n i m o l e c u l a r  r e a c t i o n s  t o  be o f
E tjH  + E t I  E t  /  + 1“ ( 7 - 1 )
n o n - e l e c t r o l y t e s ,  such  a s  s o l v o l y s i s  o r  d e c o m p o s i t i o n  o f
t ~ b u t y l  c h l o r i d e  and t - b u t y l  brom ide* I n  o r d e r  t o  s e e
c l e a r l y  w hat i s  h a p p e n in g  d u r i n g  t h e  c o u r s e  o f  a  r e a c t i o n
*1*i t  i s  n e c e s s a r y  to  s e p a r a t e  t h e  e f f e c t  o f  s o l v e n t  on  AG- 
AH*1*, AS4* i n t o  i n i t i a l - s t a t e  and t r a n s i t i o n - s t a t e  c o n t r i ­
b u t i o n s .
55 57 91A num ber o f  s t u d i e s  9  9 h a v e  b e e n  r e p o r t e d  on
t h e  v a r i a t i o n  o f  f r e e  e n e rg y  o f  t r a n s i t i o n - s t a t e s ,  A G ^ (T r) ,  
w i th  change o f  s o l v e n t , b u t  to  d a t e  t h e r e  h a v e  b e e n  few  
s t u d i e s  on  t h e  e n th a lp y  and e n t r o p y  o f  i n i t i a l -  and  t r a n s i -  
t i o n - s t a t e s  i n  t h e  M e n s c h u tk in - ty p e  r e a c t i o n  and t h e  t - b u t y l  
h a l i d e  r e a c t i o n s .  In  o r d e r  to  d i s s e c t  s o l v e n t  e f f e c t s  on 
v a l u e s  o f  AS i n t o  i n i t i a l - s t a t e  and t r a n s i t i o n - s t a t e
c o n t r i b u t i o n s ,  i t  i s  n o r m a l ly  n e c e s s a r y  to  c a r r y  o u t  d i s ­
s e c t i o n s  i n  te rm s  o f  b o th  e n th a lp y  and f r e e  energy*  I n  t h i s  
way t h e  e f f e c t  o f  s o l v e n t  on  AG*, AH* and AS* h a s  b e e n  
a n a ly s e d  i n  th e  p r e s e n t  work i n t o  i n i t i a l - s t a t e  and  t r a n s i ­
t i o n - s t a t e  c o n t r i b u t i o n s  b o th  f o r  t h e  b i m o l e c u l a r  r e a c t i o n  
(7 - 1 )  and  t h e  s o l v o l y s i s  o f  t - b u t y l  c h l o r i d e  and  t - b u t y l  
b ro m id e ,
7 . 1 . A. S o lv e n t  e f f e c t s  on t h e  M e n sc h u tk in  r e a c t i o n , 
e q u a t io n  ( 7 - 1 ) .
F o r  a  v o l a t i l e  r e a c t a n t  ( s o l u t e )  t h e  most c o n v e n ie n t
way o f  d e te r m in in g  t h e  s o l v e n t  e f f e c t  on  t h e  f r e e  e n e r g i e s  ,
i s  th r o u g h  t h e  l i m i t i n g  v a l u e s  o f  t h e  R a o u l t ’s law  a c t i v i t y  
/ 60 \
c o e f f i c i e n t  ( Y ) o f  t h e  s o l u t e  i n  t h e  v a r i o u s  s o l v e n t s .
I t  was shown i n  C h a p te r  4 t h a t  t h e  s t a n d a r d  f r e e  e n e r g y  
o f  t r a n s f e r  on t h e  mol f r a c t i o n  s c a l e  from  a  r e f e r e n c e  
s o l v e n t  (A) to  any o t h e r  s o l v e n t  (B) may be c a l c u l a t e d  f o r  
a  v o l a t i l e  r e a c t a n t  ( s o l u t e )  by a p p ly i n g  e q u a t io n  ( 4 - 1 7 ) .
The v a r i a t i o n  i n  AG* w i th  s o l v e n t  was a l s o  d e s c r i b e d  and  
can  be. c a l c u l a t e d  th ro u g h  e q u a t i o n ( 4 - 1 1 ) .  Thus by  com b ina ­
t i o n  o f  AG* v a l u e s  and v a l u e s  o f  A G ^ ( r e a c t a n t s ) , t h e  
f r e e  energy o f  t r a n s f e r  o f  th e  t r a n s i t i o n  s t a t e  A G °(T r)  
can  be  c a l c u l a t e d  from  e q u a t io n  ( 7 - 2 ) ;  compare a l s o  e q u a ­
t i o n  ( 4 - 1 1 ) .
AG °(Tr) = AG°(Et N) + A G °(E tl )  + 6 AG* ( 7 - 2 )
Q u i te  r e c e n t l y ,  Abraham and G r e l l i e r  54*55 hav e  
d e te r m in e d  R a o u l t ' s  law  a c t i v i t y  c o e f f i c i e n t s  ( Y°° ) f o r  
t r i e t h y l a m i n e  and e t h y l  i o d id e  i n  a  l a r g e  number o f  o r g a n i c  
s o l v e n t s  by t h e i r  own g . l . c .  m ethod . Thus v a l u e s  o f  o f
r e a c t a n t s  i n  r e a c t i o n  ( 7 - 1 )  f o r  a  w ide  r a n g e  o f  s o l v e n t s  
a r e  now a v a i l a b l e .  Hence th e  e f f e c t  o f  s o l v e n t s  on  A G* ,
A G ° ( r e a c t a n t s )  and A G °(T r) h a s  a l r e a d y  been  c o m p le t e ly  
a n a l y s e d . 54*55 Thus i n  t h e  p r e s e n t  work more a t t e n t i o n  
w i l l  be  p a id  to  t h e  v a r i a t i o n  o f  H, and S w i th  v a r i a t i o n  
o f  s o l v e n t s .  The v a l u e s  o f  G a r e  n eed ed  i n  o r d e r  to  be a b l e  
to  o b t a i n  t h e  s o l v e n t  e f f e c t  on t h e  e n t r o p y  v a l u e s  and a  
summary o f  d a t a  i n  te rm s  o f  f r e e  e n e r g y ,  G , i s  g iv e n  i n  
T a b l e ( 7 . 1 ) .  Most o f  t h e  v a l u e s  o f  t h e  a c t i v a t i o n  f r e e  e n e r g i e s  
( AG ) h av e  been  r e c a l c u l a t e d  from  t h e  work o f  H artm ann
O-J o p
e t  a l .  A lso  a r e  g iv e n  v a l u e s  o f  f r e e  e n e r g i e s  o f
a c t i v a t i o n  ( AG ) o f  r e a c t i o n  (7 - 1 )  i n  a  few s o l v e n t s  s u c h  
a s  e t h a n o l ,  1- p r o p a n o l ,  a c e t o n i t r i l e , d ira e th y lfo rm a m id e  and 
e t h y l  a c e t a t e  o b t a i n e d  i n  t h e  p r e s e n t  work ( p . 263)•
T h e r e f o r e  we s e t  o u t  to  o b t a i n  t h e  e f f e c t s  o f  s o l v e n t s  
on  t h e  e n t h a l p y ,  H , and e n t r o p y ,  S , and to  d i s s e c t  them  
i n t o  i n i t i a l - s t a t e  and t r a n s i t i o n - s t a t e  c o n t r i b u t i o n s  i n  a  
w ide r a n g e  o f  s o l v e n t s .
S o lv e n t  e f f e c t s  on th e  e n t h a lp ie s  o f  r e a c t i o n  ( 7 - 1 ) «
E q u a t io n  ( 4 - 9 )  was u s e d  to  c a l c u l a t e  t h e  s o l v e n t  e f f e c t s  
on  t h e  e n th a lp y  o f  t h e  t r a n s i t i o n  s t a t e *  A H ° (T r ) .
A H °(Tr) = A H °(E t3N) + A l ^ ( E t l )  + 6 AH* ^7 " 5 ^
A c e t o n i t r i l e  i s  t a k e n  a s  t h e  s t a n d a r d  s o l v e n t  ( A ) * and 
m ost o f  t h e  e n t h a l p i e s  o f  a c t i v a t i o n  w ere  c a l c u l a t e d  a t  
2 9 8 .15K u s i n g  H a r tm a n n ’ s d a t a .  A lso  a  num ber o f  AH*
v a l u e s  ( i n  s o l v e n t s  e t h a n o l , 1 - p r o p a n o l , d i m e t h y l s u l p h o x i d e , 
a c e t o n i t r i l e * e t h y l  a c e t a t e  and w a te r )  have  been  m easu red  i n  
t h e  p r e s e n t  w ork . The A H ° ( r e a c t a n t s )  f o r  b o th  t h e  s o l u t e s  
Et^N and E t l  w ere  m easu red  by t h e  c a 3 .o r im e t r ic  m ethod d e s ­
c r i b e d  i n  t h e  e x p e r im e n ta l  s e c t i o n  ( p . 2 9 2 ) .  The e n t h a l p i e s  
o f  s o l u t i o n  o f  t h e  p a i r  o f  i o n s  ( p r o d u c t )  have  b e e n  t a k e n  
from  r e f e r e n c e  ^ 7  ? e x c e p t  i n  t h e  c a s e  o f  n i t r o b e n z e n e
w here  m easu rem en ts  w ere made i n  t h e  p r e s e n t  w ork . D e t a i l s  
o f  t h e  c a l c u l a t i o n  o f  AH°(l’r )  f o r  26 p r o t i c  and  a p r o t i c  
s o l v e n t s  a r e  i n  T a b l e ( 7 . 2 ) .
As f a r  a s  i n i t i a l  s t a t e s  a r e  c o n c e rn e d ,  t h e  v a l u e s  o f  
A H °(E tI)  a r e  n o t  e x c e p t i o n a l ,  and  t h e  v a r i a t i o n  o f  A H ° ( E t l )  
w i th  v a r i a t i o n  o f  s o l v e n t  i s  q u i t e  s m a l l .  H ow ever, t h e  v a l u e s  
o f  AH^(Et^N) a r e  much more n e g a t i v e  i n  a l c o h o l s  and  h a l o -  
g e n a te d  s o l v e n t s  such  a s  1 ,1 ,2  , 2 - t e t r a c h ' l o r o e t h a n e ,  c h l o r o ­
fo rm , 1- c h l o r o b u t a n e  and c y c lo h e x y l  c h l o r i d e  t h a n  i n  t h e  
o t h e r  a p r o t i c  s o l v e n t s .  T h is  i n d i c a t e s  t h a t  t h e r e  i s  some 
i n t e r a c t i o n  be tw een  t h e  t r i e t h y l a m i n e  and th e  s o l v e n t  m o le ­
c u l e s  w hich  r e s u l t s  i n  f o r m a t io n  o f  some ty p e  o f  c o m p lex .
The f o r m a t io n  o f  t h e  com plex  i n  h y d r o x y l i c  s o l v e n t s  and 
c h lo r o fo r m  i s  o b v i o u s l y  due to  h y d ro g e n  b on d ing  b e tw een  
t r i e t h y l a m i n e  and a c i d i c  h y d ro g e n  i n  t h e  s o l v e n t s  m o le c u le s  
a s  shown i n  ( a )  and  (b )
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F o r  t h e  o t h e r  h a lo g e n a t e d  s o l v e n t s  t h e  c o n f i g u r a t i o n  o f  t h e  
com plex i s  n o t  c l e a r .  Of c o u r s e ,  t h e  f o r m a t io n  o f  t h e  com plex  
i s  due to  c h a rg e  s e p a r a t i o n  on b o th  th e  s o l v e n t  and  s o l u t e  
m o le c u le s .
I n  te rm s  o f  t h e  t r a n s i t i o n  s t a t e ,  t h e  v a l u e s  o f  A H ^(T r) 
i n  a l c o h o l s  a r e  more p o s i t i v e  t h a n  i n  d i p o l a r  s o l v e n t s  su c h  
a s  d im e th y ls u lp h o x id e  (EMSO), and  d im e th y lfo rm a m id e  (DMF).
I n  h a lo g e n a t e d  s o l v e n t s  su c h  a s  c h lo ro f o rm  t h e  v a l u e s  o f  
AH °(Tr) a r e  more n e g a t i v e  t h a n  i n  t h e  o t h e r  s o l v e n t s  shown 
i n  T a b l e ( 7 . 2 ) .  T h e r e f o r e  r e s u l t s  f o r  t h e  hy d i* oxy lic  s o l v e n t s  
show t h a t  t h e  r a t h e r  anom alous  e f f e c t  o f  t h e s e  s o l v e n t s  i s  
to  i n c r e a s e  t h e  e n th a lp y  o f  t h e  t r a n s i t i o n  s t a t e  ( T r ) , and  
to  lo w e r  t h e  i n i t i a l - s t a t e  e n t h a l p y .  I t  can  a l s o  be d e c l a r e d  
t h a t  t h e r e  i s  some i n t e r a c t i o n  b e tw een  t h e  t r a n s i t i o n  s t a t e
5 +  6 -
n a te d  m o le c u le s .
[ E t , N  E t  I  ] and p o l a r  h y d r o x y l i c  and  l ia lo g e -
. I n  t e rm s  o f  t h e  p r o d u c t  (E t^T  + I  ) i t  i s  c l e a r  
from  t h e  d a t a  g iv e n  i n  T a b l e ( 7 .2 )  t h a t  t h e  e n t h a l p y  o f  t h i s  
e l e c t r o l y t e  i s  a l s o  h i g h e r  i n  h y d r o x y l i c  s o l v e n t s  t h a n  i n  
t h e  p o l a r  a p r o t i c  s o l v e n t s .  A l s o , h a lo g e n a t e d  s o l v e n t s  su c h  
a s  1 , 2 - d i c h l o r o e t h a n e  lo w e r  t h e  e n th a lp y  o f  t h e  p ro d u c t*  
A H °(E t4N++ I " ) .
7 . 1 . C .  S o lv e n t  e f f e c t s  on  t h e  e n t r o p i e s  o f  r e a c t i o n  ( 7 - 1 ) .
C o m b in a t io n  o f  t h e  f r e e  e n e r g i e s ,  G f i n  T a b l e ( 7 .1 )  
and e n t h a l p i e s ,  H , i n  T a b l e ( 7 .2 )  e n a b le  u s  to  c a l c u l a t e  
t h e  c o r r e s p o n d in g  e n t r o p i e s  o f  t r a n s f e r  o f  t h e  i n i t i a l -  
s t a t e ,  A S ° ( r e a c t a n t s ) , t r a n s i t i o n - s t a t e ,  A S °(T r)  and  o f
o |, ,
t h e  p r o d u c t ,  AS^.(Et^N +1 ) ,  and h e n c e  to  e f f e c t  a  d i s s e c ­
t i o n  o f  s o l v e n t  e f f e c t s  on  r e a c t i o n  ( 7 - 1 )  i n  te rm s  o f  t h e  
G, H, S p a r a m e t e r s .
The g e n e r a l  e x p r e s s i o n  r e l a t i n g  s o l v e n t  e f f e c t s  on  t h e  
e n t r o p y  o f  t r a n s i t i o n - s t a t e  to  s o l v e n t  e f f e c t s  on  t h e  i n i ­
t i a l - s t a t e  i s  e q u a t io n  (4 -1 2 )  w h ich  h a s  b e en  d e s c r i b e d  i n  
C h a p te r  4*
A S °(T r)  = A S °(E t5N) + A S ° ( E t l )  + &AS* ( 7 - 4 )
T h is  i s  t h e  f i r s t  t im e  t h a t  su c h  a c o m p le te  a n a l y s i s  h a s  
been  c a r r i e d  o u t  f o r  t h i s  ty p e  o f  M e n sc h u tk in  r e a c t i o n  ( 7 - 1 ) .  
The e n t r o p y  d a t a  a r e  g iv e n  i n  T a b l e ( 7 . 3 ) .  V a lu e s  o f  A S ° ( E t l )  
j u s t  l i k e  A H ° ( E t l ) , a r e  u s u a l l y  q u i t e  s m a l l .  The o n l y  r e a l  
e x c e p t io n  i s  w a t e r ,  b u t  t h i s  s o l v e n t  i s  i n  any  c a s e  a lw a y s
a n o m a lo u s .  On t h e  o t h e r  h a n d ,  t h e  AS^(Et^N) v a l u e s  v a r y  
much more and a r e  q u i t e  n e g a t i v e  i n  t h e  a l c o h o l s  and i n  
many c h l o r i n a t e d  s o l v e n t s .  T h is  i s  j u s t  t h e  e x p e c te d  b e h a ­
v i o u r  i f  Et^N d id  in d e e d  form  some s o r t  o f  com plex  w i th  
t h e s e  s o l v e n t s .
I t  i s  i n t e r e s t i n g  to  s tu d y  t h e  v a r i a t i o n  o f  AS v a l u e s  
w i th  s o l v e n t  and  n o t i c e a b l e  t h a t  su c h  v a l u e s  a r e  much more 
p o s i t i v e  i n  a l c o h o l i c  s o l v e n t s  t h a n  i n  a p r o t i c  s o l v e n t s .
The breakdow n i n  T a b l e ( 7 .3 )  shows t h a t  t h e  more p o s i t i v e  
AS v a l u e s  a r e  due b o th  to  more n e g a t i v e  i n i t i a l - s t a t e  
v a l u e s  and to  more p o s i t i v e  t r a n s i t i o n - s t a t e  e f f e c t s .
The A S °(T r) v a l u e s  th e m s e lv e s  a r e  n o t  e a s y  t o  i n t e r ­
p r e t .  The t r a n s i t i o n  s t a t e  can  i n t e r a c t  w i t h  s o l v e n t s  v i a
b +  S-
t h e  p o s i t i v e  Et^W p o le  and v i a  t h e  n e g a t i v e  — — I
p o l e ,  a s  w e l l  a s  g e n e i 'a l l y  e i t h e r  b r e a k i n g  up  s o l v e n t
s t r u c t u r e  o r  e n h a n c in g  s o l v e n t  s t r u c t u r e .  I n  a d d i t i o n ,  i t
would be e x p e c te d  t h a t  a  p o l a r  s p e c i e s  would  g i v e  r i s e  t o
more n e g a t i v e  A.S° v a l u e s  i n  l e s s  p o l a r  s o l v e n t s  due  t o
'’f r e e z in g - o u t"  o f  s o l v e n t  m o le c u le s  by t h e  p o l a r  d i p o l e ;
t h i s  c o r r e s p o n d s  to  a  p a r t i c u l a r  c a s e  o f  enhancem en t o f
s o l v e n t  s t r u c t u r e .  The o b v io u s  f e a t u r e s  o f  t h e  A S ° (T r )
v a l u e s  a r e  th e  v e r y  n e g a t i v e  v a l u e s  i n  c h lo r o f o rm  
— 1 — 1( “ 1 4 c a l .K  mol ) and to  l e s s  e x t e n t  i n  some o f  t h e  o t h e r  
h a lo g e n a t e d  s o l v e n t s .  I t  t h u s  seems q u i t e  c l e a r  t h a t  t h e  
t r a n s i t i o n  s t a t e  fo rm s some s p e c i f i c  com plex  w i th  t h e s e  
s o l v e n t s ,  p e rh a p s  i n v o lv i n g  t h e   I  p o le  o f  t h e  t r a n ­
s i t i o n  s t a t e .  However, o n ly  f o r  a  few s o l v e n t s  a r e  an y
c o n c l u s i o n s  p o s s i b l e  j u s t  by i n s p e c t i o n  o f  th e  d a t a  f o r
th e  t r a n s i t i o n  s t a t e .  More g e n e r a l l y ,  t h e  A S °(T r)  v a l u e s
have  to  be compared w i th  AS^ v a l u e s  f o r  v a r i o u s  model s o l u t e s .
55Abraham and G r e l l i e r  h av e  o b s e r v e d  t h a t  i n  te rm s  o f  
f r e e  e n e rg y  t h e  anom alous  e f f e c t  o f  t h e  a l c o h o l s  i s  due 
l a r g e l y  to  t r a n s i t i o n  s t a t e  e f f e c t s .  They have  p l o t t e d  
A G °(Tr) a g a i n s t  AG°(Et^N+l “ ) and  AG°(Et^N++ I ~ ) .  I n  t h e  
f o rm e r  c a s e  t h e y  have  shown t h a t  t h e r e  i s  a  r e a s o n a b l e  l i n e  
o f  s l o p e  0 .3 6 5  when a  s e l e c t i o n  o f  a p r o t i c  s o l v e n t s  ( i . e .  
n o rm al s o l v e n t s  from  w h ich  a r e  e x c lu d e d  a r o m a t ic  and  p o l y -  
h a lo g e n a t e d  s o l v e n t s )  i s  t a k e n ,  and th e y  have c o n c lu d e d  
t h a t  t h e  t r a n s i t i o n  s t a t e  l i e s  r a t h e r  n e a r e r  to  t h e  r e a c ­
t a n t s  t h a n  to  t h e  p r o d u c t  io n  p a i r .  I n  t h e  l a t e r  c a s e ,  
a  p l o t  o f  AG^(Tr) a g a i n s t  AG°(Et^N++I~) was fo u n d  to  be 
a  l i n e  o f  s l o p e  o n ly  0 .0 8 1 ,  so t h a t  t h e  p r o d u c t  p a i r  o f  
i o n s  i s  f a r  rem oved from  t h e  t r a n s i t i o n  s t a t e  a lo n g  t h e  
r e a c t i o n  c o - o r d i n a t e .
I n  t h e  p r e s e n t  work p l o t s  o f  AG^(Tr) v s .  AG°(Et^N++
I~ )  and AH ^(Tr) v s .  AH ^(Et^Nh+ I ) ( n o t  shown) f o r  t h e  
f i r s t  e le v e n  s o l v e n t s  ( T a b l e ( 7 . 2 ) ) i n  w hich  t h e  e n t h a l p i e s  
o f  p a i r  o f  i o n s  a r e  known h a s  b e e n  i n v e s t i g a t e d  and f o l l o w i n g  
r e s u l t s  h av e  been  o b t a i n e d .
I n  te rm s  o f  f r e e  e n e rg y  t h e r e  i s  a  c o r r e l a t i o n  b e tw ee n  
th e  f r e e  e n e rg y  o f  t r a n s i t i o n  s t a t e  and o f  p a i r  o f  i o n s  i n  
a l c o h o l s ,  b u t  i n  a p r o t i c  s o l v e n t s  th e  p o i n t s  a r e  s c a t t e r e d  
and no s t r a i g h t  l i n e  can  be drawn t h r o u g h .
I n  te rm s  o f  e n th a lp y  t h e r e  i s  c o r r e l a t i o n  n e i t h e r  i n  
a l c o h o l s  n o r  i n  a p r o t i c  s o l v e n t s  s e p a r a t e l y , .
F i g . ( 7 .1 )  p r e s e n t s  a  p l o t  o f  A S °(T r)  v s .  A S°(E t^N ++
I~ )  o n l y  i n  7 a p r o t i c  s o l v e n t s ,  show ing  a  l i n e  o f  s lo p e  
0 .3 2 4 ,  i n t e r c e p t  1 .775  and c o r r e l a t i o n  c o e f f i c i e n t  0 . 8 6 .
The p o o r  v a lu e  o f  t h e  c o r r e l a t i o n  c o e f f i c i e n t  shows t h a t  
t h e r e  i s  n o t  a  good r e l a t i o n s h i p  "between th e  two p a r a m e t e r s . 
T h is  can  a l s o  be  exam ined by E x n e r ' s  t r e a t m e n t  t h r o u g h  
e q u a t io n  ( 7 - 5 )  ( f o r  more d e t a i l s  s e e  r e f e r e n c e  1 2 8 ) .
*  = [ n (1  -  r 2 ) / ( n  -  2 ) ]  ^  ( 7 - 5 )
w here  n  i s  t h e  number o f  p o i n t s  and r  i s  t h e  c o r r e l a t i o n  
c o e f f i c i e n t .  E x n er  s u g g e s te d
f  c  0 .1  good c o r r e l a t i o n
0 .1  <  ^  < 0 . 2  some r e l a t i o n s h i p
I n  t h e  p r e s e n t  work ^  = 0 . 6  , so t h e r e  i s  n e i t h e r  c o r r e ­
l a t i o n  n o r  r e l a t i o n s h i p  b e tw een  A S °(T r)  and A s ° ( E t  N++x  x  4*
I~ )  i n  7 a p r o t i c  s o l v e n t s .
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7*2 A c o m p a r iso n  o f  t h e  t r a n s i t i o n - s t a t e  w i th  a  
p o l a r i z a b l e  n o n - e l e c t r o l y t e  m o d e l .
The d e te r m in e d  v a l u e s  o f  A G ^ (T r) , w here T r  r e p r e s e n t  
a  t r a n s i t i o n - s t a t e  can  he compared w i th  AG° v a l u e s  f o r  
s o l u t e s  t h a t  m ig h t  be r e g a r d e d  a s  s u i t a b l e  m odels  f o r  t h e
t r a n s i t i o n  s t a t e d *57>97*124 I t  i s  i m p o r t a n t t h a t
t h e  m odel s o l u t e  s h o u ld  be  o f  a b o u t  t h e  same s i z e  a s ,  and 
s t r u c t u r a l l y  s i m i l a r  to  t h e  t r a n s i t i o n - s t a t e  w i th  w hich  
i t  i s  to  be  com pared .
F o r  s u b s t i t u t i o n  r e a c t i o n s  t h a t  i n v o lv e  o n ly  n e u t r a l  
m o le c u le s  a s  r e a c t a n t s ,  model s o l u t e s  c o u ld  i n c l u d e  no n ­
e l e c t r o l y t e s  , i o n - p a i r s ,  and d i s s o c i a t e d  p a i r s  o f  i o n s .  
Abraham 5 7  h a s  compared v a l u e s  o f  AG°(Tr) w i th  v a l u e s  
o f  AG^ f o r  n o n - e l e c t r o l y t e s ,  w i th  u s e  o f  a s  w ide a  r a n g e  
o f  s o l v e n t  a s  p o s s i b l e ,  i n  o r d e r  to  d e r i v e  s u i t a b l e  
t r a n s i t i o n - s t a t e  m odels  and h e n ce  to  be  a b l e  to  deduce  
t h e  n a t u r e  o f  t h e  v a r i o u s  t r a n s i t i o n - s t a t e s .
T h e re  h a s  been  l i t t l e  a t t e m p t  to  compare t h e  v a l u e s  
o f  A H °(Tr) and A S °(T r)  w i th  v a l u e s  o f  AH° and 
f o r  n o n - e l e c t r o l y t e s .  Hence t h e  aim  o f  t h e  p r e s e n t  work 
i s  to  com pare t h e s e  p a r a m e te r s  f o r  t h e  t r a n s i t i o n - s t a t e  
o f  r e a c t i o n  (7 - 1 )  w i th  t h o s e  f o r  a  p o l a r i s a b l e  and some­
w hat p o l a r  n o n - e l e c t r o l y t e ,  nam ely  p ~ n i t r o b e n z y l  c h l o r i d e .
I n  T a b l e ( 7 .4 )  R a o u l t f s law  a c t i v i t y  c o e f f i c i e n t ,
Y°° , t h e  f r e e  e n e r g y - ^  o f  t r a n s f e r ,  A G °(p -A rC l)* ,  
e n th a lp y  o f  t r a n s f e r ,  A H °(p-A rC l) w hich  h a s  b e en  m easu red  
i n  t h e  p r e s e n t  work ( s e e  C h a p te r  12 ) ,  and e n t r o p y  o f
t r a n s f e r  A S ^(p-A rC l) a r e  p r e s e n t e d ,  A c e t o n i t r i l e  i s  t a k e n  
a s  r e f e r e n c e  s o l v e n t .  I n s p e c t i o n  o f  T a b l e ( 7 .4 )  shows t h a t  
t h e  s o l v e n t  e f f e c t s  o n  t h e  e n t h a l p i e s  o f  s o l u t i o n  o f  
p - n i t r o b e n z y l  c h l o r i d e  a r e  n o t  s i g n i f i c a n t  and t h e  v a r i a ­
t i o n  o f  A H °(p -A rC l)  w i th  v a r i a t i o n  o f  s o l v e n t  i s  s m a l l  
and co m p arab le  w i th  t h a t  o f  A H ° (E tI )  i n  T a b l e ( 7 . 2 ) .
I n  te rm s  o f  e n t r o p y  o f  t r a n s f e r ,  t h e  e f f e c t  o f  a l c o h o l s ,  
n -h e x a n e  and c a rb o n  t e t r a c h l o r i d e  i s  t o  lo w e r  t h e  v a lu e  
o f  A S ^ (p -A rC l) ,
I n  T a b l e s ( 7 . 5 )  and ( 7 .6 )  t h e  e n t h a l p i e s  and e n t r o p i e s  
o f  t r a n s f e r  o f  i n i t i a l - s t a t e ,  t r a n s i t i o n - s t a t e  and f i n a l -  
s t a t e  o f  r e a c t i o n  ( 7 - 1 )  ax^e com pared w i t h  t h e  e n th a lp y  and 
e n t r o p y  o f  t r a n s f e r  o f  p - n i t r o b e n z y l  ch lox*ide.
Prom t h e  d a t a ,  i t  can  d e f i n i t e l y  be  c o n c lu d e d  t h a t  
p - n i t r o b e n z y l  c h l o r i d e  ( a  p o l a r i z a b l e  n o n - e l e c t r o l y t e )  d o e s  
n o t  r e s e m b le  t h e  t r a n s i t i o n - s t a t e  o f  r e a c t i o n  ( 7 - 1 ) .
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CHAPTER 8 
THE ISOKINETIC RELATIONSHIP
8 .1  The r e l a t i o n s h i p  betw een e n th a lp y  and e n tro p y
o f  a c t i v a t i o n .
129I t  h a s  h e en  lo n g  r e a l i s e d  J  t h a t  ch an g es  i n  s t r u c ­
t u r e  o r  s o l v e n t  u s u a l l y  change b o th  th e  e n th a lp y  and  t h e  
e n t r o p y  o f  a c t i v a t i o n  and t h a t  l a r g e  v a l u e s  o f  AH* t e n d  
to  accompany l a r g e  v a l u e s  o f  AS . T h is  te n d e n c y  a t t a i n s  
a  l i n e a r  r e l a t i o n s h i p  b e tw een  AH and AS w hich  may b e  
d e f i n e d  a s  e q u a t io n  ( 8 - 1 )  w hich  i s  c a l l e d  an  " i s o k i n e t i c  
r e l a t i o n s h i p 11
a h * = p & AS* ( 8 - 1 )
w here  (3 i s  t h e  s l o p e  i n  u n i t s  o f  a b s o l u t e  t e m p e r a t u r e  
and i s  c a l l e d  t h e  " i s o k i n e t i c  t e m p e r a t u r e " . I f  i s  
e x t r e m e ly  f a r  from  t h e  u s u a l  w o rk in g  t e m p e r a t u r e ,  t h e  
r e l a t i o n s h i p  may be i n v a l i d a t e d  by ch an g es  i n  AH* w i t h  
t e m p e r a t u r e ,  i n  w hich  c a s e  i s  m e re ly  a  s l o p e  and  h a s
no p h y s i c a l  m ean in g . I t  h a s  b e en  p o i n t e d  o u t ,  h o w e v e r ,  
t h a t  i n  e q u a t io n  ( 8 - 1 ) ,  AH* and AS* a r e  b o th  d e r i v e d  
from  t h e  same s e t  o f  o b s e r v a t i o n a l  d a t a ,  f o r  ex am ple  r a t e  
c o n s t a n t s  a t  t e m p e r a t u r e s  T^ and  T p . Thus Ah and  AS 
a r e  a c t u a l l y  r e l a t e d  to  each  o t h e r  t h r o u g h  e q u a t i o n s  o t h e r  
t h a n  e q u a t io n  ( 8 - 1 ) .  B ecause  o f  t h i s  c o u p l i n g ,  t h e  random
. . 4* ejti 1 XAe r r o r s  m  AH and AS a r e  a l s o  c o u p le d  and E x n e r  
h a s  shown t h a t  l i n e a r  r e l a t i o n s h i p s  o f  t h e  fo rm  ( 8 - 1 )  c a n  
a r i s e  m e re ly  due to  c o m p le te ly  random e r r o r s  i n  AH and
i|i
AS , and t h a t  t h e  d e t e r m i n a t i o n  o f  th ro u g h  e q u a t i o n  ( 8 - 1 )
i s  a  s t a t i s t i c a l l y  unsound  m ethod . A s im p le  and s t a t i s ­
t i c a l l y  sound p r o c e d u r e  was a l s o  s u g g e s t e d  by  E x n e r ,  and  
c o n s i s t s  o f  p l o t t i n g  lo g k  v a l u e s  a t  two d i f f e r e n t  tem pe­
r a t u r e s ,  and a c c o r d in g  to  e q u a t i o n  ( 8 - 2 )
l o g  k 2 = a  + b lo g  k^ (8 - 2 )
The i s o k i n e t i c  t e m p e r a t u r e ,  ^ , i s  t h e n  o b t a i n e d  from  
t h e  s lo p e  b th r o u g h  e q u a t i o n  ( 8 - 3 )
p  = 0'1T2 (b  -  1)/(W 2 -  T p  ( 8 - 3 )
A n o th e r  f a c t o r  w hich  i s  r e l a t e d  to  t h e  e n t r o p y  o f  
a c t i v a t i o n  i s  t h e  s o l v e n t  p o l a r i t y ,  E^ , w h ic h  i s  an  
e m p i r i c a l  p a r a m e te r  ; a  c o r r e l a t i o n  h a s  b e e n  s u g g e s t e d 100 
b e tw een  AS and E^ , x „ e .
ft d AS*
ot = _ £ —  . ----------- ( 8 - 4 )
T 1000 i E }
w here i s  a  d im e n s io n le s s  p a r a m e te r  an d  may r e p r e -
Q)
s e n t  an  i n d i c a t i o n  o f  t r a n s i t i o n - s t a t e  s t r u c t u r e .  The
m ag n itu d e  o f  ot dep en d s  on t h e  d e g re e  o f  c h a rg e
T
d e v e lo p m en t i n  t h e  t r a n s i t i o n - s t a t e .  I f  t h e  m a g n i tu d e  o f
o L  i s  n e a r  z e ro  t h e  t r a n s i t i o n - s t a t e  i s  r e a c t a n t - l i k e  
T ”
and i t  i s  p r o d u c t - l i k e  i f  n e a r  u n i t y .  T h is  r e l a t i o n ­
s h ip  s u g g e s t s 100 a  r e a c t a n t - l i k e  t r a n s i t i o n - s t a t e  f o r
60t h e  M en sc h u tk in  r e a c t i o n ,  a c c o r d in g  to  W ig f i e l d  and Lem.
I n  t h e  p r e s e n t  work we s e t  o u t  to  d i s c u s s  t h e  sco p e
and c o n se q u e n c e s  o f  t h e  i s o k i n e t i c  r e l a t i o n s h i p  i n  th e
M e n sc h u tk in  r e a c t i o n  (E t^ N + E tl)  i n  d i f f e r e n t  s o l v e n t s ,
and a l s o  t h e  v a l i d i t y  o f  e q u a t io n  ( 8 - 4 ) .
Most o f  t h e  d a t a  u s e d  i n  t h e  p r e s e n t  work w ere  c o l l e c t e d
from  r e f e r e n c e s  ( 81 to  86) and 90 and 131 and w ere
r e c a l c u l a t e d  by  u s i n g  t h e  f o l l o w i n g  e q u a t io n s  i n  o r d e r
to  o b t a i n  E , k  , AG , AH , and AS ; a  num ber o f  a
m easu rem en ts  have  a l s o  b een  made i n  t h e  p r e s e n t  w ork .
E
I n ak
AH
R T,
k 9T.
4 .5 7 5 7  Tp^rn-- l o g  - £ * 1  
2 1 K1 2
where
( 8 - 5 )
( 8 - 6 )
AS * = -4 7 .2 1 2  + AHT
*
4 .5 7 571 og  ¥ ( 8 - 7 )
AG = 1 7 4 5 3  + 1 3 6 4 . 2 5 l o g ( l / k 298#15) ( 8 - 8 )
k 1000 -,_c
M 1
(.8 - 9 )
AH«♦» E -  RTct ( 8 - 1 0 )
* AH* -  AG*AS =
T
( 8 - 1 1 )
C XI n  t h e s e  e q u a t i o n s ,  k  and k d e n o te  r a t e  c o n s t a n t s
on t h e  u s u a l  m o la r  s c a l e  and on t h e  mol f r a c t i o n  s c a l e
r e s p e c t i v e l y .  The c o r r e s p o n d in g  a c t i v a t i o n  p a r a m e te r s
tfir* *f*xa r e  d e n o te d  by  A3? and AP . R e s u l t s  a r e  g i v e n  i n  
T a b l e s ( 8 . 1 ) ,  ( 8 .2 )  and ( 8 . 3 ) .
To deduce  how t h e  c o r r e l a t i o n  c o e f f i c i e n t s  and t h e  
v a l u e s  o f  p  v a r y ,  t h e  v a l u e s  o f  AH v s .  AS and 
l o g  k 2 v s .  l o g  k^ a r e  p l o t t e d  f o r  a  number o f  g ro u p s  
o f  d a t a .  The v a l u e s  o f  (3 o v e r  t h e  ra n g e  + sm ( s t a n d a r d  
d e v i a t i o n  o f  s lo p e )  i n  t h e  c a s e  o f  l o g  k 2 v s .  l o g  k^ 
p l o t s  have  b e e n  c a l c u l a t e d  th r o u g h  e q u a t io n  ( 8 - 1 2 ) ,  and 
r e s u l t s  a r e  shown i n  T a b l e s ( 8 . 4 )  and ( 8 . 5 ) .
b + s ) -  1 
 !2  ( 8 - 12 )
T2 ( D i  s m)T.i -
Values o f  AH have  b e en  p l o t t e d  a g a i n s t  AS f o r  s e v e r a l  
g ro u p s  o f  s o l v e n t s .  The o b t a i n e d  s l o p e s  ( i . e .  v a l u e s  o f  (3 
v i a  e q u a t io n  ( 8 - 1 ) )  and t h e  c o r r e l a t i o n  c o e f f i c e i n t s ,  r  , 
a r e  i n  T a b le s  ( 8 -7 )  to  ( 8 - 1 0 ) .  I n  g e n e r a l  o n ly  v e r y  p o o r  
va3.ues o f  r  a r e  o b t a i n e d .
I n s p e c t i o n  o f  r e s u l t s  p r e s e n t e d  i n  T a b le s  ( 8 .4 )  to
( 8 .9 )  shows t h a t  v a l u e s  o f  p f o r  t h e  M e n sc h u tk in  r e a c t i o n  
(E t^ N + E tl)  v a r y  from  one s e t  o f  s o l v e n t s  to  a n o t h e r .  I n  a  
few c a s e s   ^ i s  n e g a t i v e  and a l s o  i n  some c a s e s  t h e  
c o r r e l a t i o n  c o e f f i c i e n t  o f  th e  p l o t  i s  v e ry  p o o r ;  i n  b o th  
o f  t h e s e  c a s e s  p h a s  no m ean ing . An i n t e r e s t i n g  p o i n t  i s  
t h a t  v a lu e s  o f  ^ w hich  have  b e en  c a l c u l a t e d  th r o u g h
e q u a t i o n  ( 8 - 1 )  a r e  r a t h e r  s m a l l e r  t h a n  t h e s e  v a l u e s  
o b t a i n e d  th r o u g h  e q u a t io n  (8 -3 )»  A lso  c o r r e l a t i o n  c o e f ­
f i c i e n t s  o f  m ost o f  t h e  p l o t s  l i s t e d  i n  T a b l e s ( 8 .6 )  to
( 8 .9 )  a r e  f a r  from  u n i t y ,  w hich  means t h a t  t h e r e  i s  n o t  
a  good g e n e r a l  r e l a t i o n s h i p  b e tw een  AH and AS i n  
t h i s  ty p e  o f  M e n sc h u tk in  r e a c t i o n .  I n t e r e s t i n g l y ,  E x n e r  
h a s  shown t h a t  i f  t h e  e x p e r im e n ta l  e r r o r  i n  AH and  
A s i s  l a r g e  t h e  Ah a g a i n s t  A s p l o t  w i l l  a lw a y s  
be v e r y  go o d . The c o n v e r s e  .is n o t  n e c e s s a r i l y  t r u e .  A 
p o o r  p l o t  ( a s  o b s e r v e d  i n  t h i s  work and n o t  shown) d o e s  
n o t  a lw ay s  mean t h a t  t h e  e r r o r s  a r e  s m a l l ,  i t  d o e s ,  o f  
c o u r s e ,  show t h a t  t h e  i s o k i n e t i c  r e l a t i o n s h i p  d o e s  n o t  
h o l d .  The r e s u l t s  p r e s e n t e d  i n  T a b l e ( 8 .5 )  show t h a t  i n  
te rm s  o f  l o g  k*  v s .  l o g  k*  t h e r e  i s  a  good g e n e r a l  
c o r r e l a t i o n  c o e f f i c i e n t  and a l s o  a  s i g n i f i c a n t  a g re e m e n t  
be tw een  t h e  v a l u e s  o f  p  f o r  s e v e r a l  s e t s  o f  d a t a  
( b i s  e x c e p t i o n a l  ) .  T h e r e f o r e  i t  can  be c o n c lu d e d  t h a t  
t h e  M e n sc h u tk in  r e a c t i o n  f o l lo w s  t h e  i s o k i n e t i c  r e l a t i o n ­
s h i p  o n ly  i f  a  s t a t i s t i c a l l y  sound p r o c e d u re  i s  u s e d  and  
o n ly  i f  t h e  mol f r a c t i o n  s c a l e  i s  u s e d .  The l a t t e r  p o i n t  
h a s  n e v e r  p r e v i o u s l y  b e e n  m en tio n ed  i n  t h e  l i t e r a t u r e .
Even i f  a  v a lu e  o f  can  be fo u n d  by s t a t i s t i c a l l y  
r e l i a b l e  m ethod , e q u a t io n  ( 8 - 4 )  s t i l l  r e q u i r e s  a  l i n e a r  
r e l a t i o n s h i p  b e tw een  A S* and E ^ . I n  T a b l e ( 8 .1 0 )  a r e  
g iv e n  v a l u e s  f o r  25 a p r o t i c  s o l v e n t s ,  and a  l e a s t  
s q u a r e s  t r e a t m e n t  o f  a  p l o t  o f  AS* v a l u e s  ( i n  T able  ( 8 . 1 0 ) )  
a g a i n s t  t h e s e  E^ v a l u e s  y i e l d  a  l i n e  o f  s l o p e  0 . 8 5 1 ,
i n t e r c e p t  - 6 9 . 2 ,  b u t  w i th  a  v e r y  p o o r  c o r r e l a t i o n  c o e f f i ­
c i e n t  o f  o n ly  0 .7 5 7 .
By s u b s t i t u t i n g  t h e  v a lu e  o f  t h e  s lo p e  o f  t h e  p l o t  
o f  AH* v s .  AS* ( i . e .  f t  =71) i n  e q u a t io n  ( 8 - 4 )  a  v a l u e
o f  o t„  can  be  c a l c u l a t e d .
0)
T = 0 .8 5 1  t h e n  = 0 .0 6
(3 e t
Now t h e  m ag n itu d e  o f  oC i s  i n  v e r y  good a g re e m e n t  w i t h
100w hat h a s  b e e n  s u g g e s te d  a b o u t  t h e  t r a n s i t i o n - s t a t e
w h ich  i s  r e a c t a n t - l i k e  b e c a u se  t h e  v a lu e  o f  o c i s  v e r y
T
s m a l l .  H ow ever, i t  m ust be n o te d  t h a t  t h e r e  i s  l i t t l e
•J* tfcs t a t i s t i c a l  b a s i s  f o r  p l o t s  o f  AH a g a i n s t  AS and
i n  any c a s e  t h e  c o r r e l a t i o n  c o e f f i c i e n t  o f  su c h  p l o t s  f o r
t h e  (E t^ N + E tl)  r e a c t i o n  a r e  v e r y  p o o r .  I f  f  h a s  l i t t l e
m ean in g , t h e n  c l e a r l y  e q u a t io n  ( 8 - 4 )  i t s e l f  m ust h a v e
l i t t l e  m ea n in g .  I t  i s  p o s s i b l e  t o  c a l c u l a t e  a  v a l u e  f o r
p  , u s i n g  t h e  s t a t i s t i c a l l y  c o r r e c t  p r o c e d u re  ( s e e
T a b l e ( 8 . 5 ) )  and v to  o b t a i n  an  a v e r a g e  v a lu e  o f  52 9K. I f
t h i s  .va lue  i s  i n s e r t e d  i n t o  e q u a t io n  ( 8 - 4 ) ,  o L  n i s  f o u n d
f
to  be 0 . 4 5 ,  a g a i n  a  r e a s o n a b l e  v a l u e  f o r  t h i s  r e a c t i o n .
I t  s h o u ld  be n o t e d ,  t h a t  w h a te v e r  t h e  v a lu e  o f  p  i s ,  
a p p l i c a t i o n  o f  e q u a t io n  ( 8 - 4 )  d e p en d s  on t h e r e  b e i n g  a
4c
l i n e a r  c o r r e l a t i o n  b e tw een  AS and Erj. As h a s  b e e n
shown i n  t h i s  w ork , f o r  25 s o l v e n t s  t h e  c o r r e l a t i o n  c o e f f i ­
c i e n t  i s  o n ly  0 .7 5 7 ,  w h i l s t  W ig f i e ld  and Lem 100 fo u n d  f o r
s m a l l e r  sam p le s  r = 0 .8 9  (7  s o l v e n t s )  and r = 0 .8 3  (6  s o l v e n t s ) .  
A c t u a l l y ,  a l l  t h e s e  c o r r e l a t i o n s  a r e  a b o u t  t h e  sam e,
1 p  o
w i t h  E x n e r ' s  y  v a lu e  b e in g  0 .6 8  ( t h i s  w o rk ) ,  0 . 5 4  and 
0 .6 8  ( W ig f ie ld  and Lem ). None o f  t h e s e  v a l u e s  a r e  anyw here  
n e a r  s m a l l  enough to  be a c c e p t a b l e  ( S h o r t e r ^ 2 ® s u g g e s t s  
^  <  0 .1  i n d i c a t e s  a  good c o r r e l a t i o n  and 0 .1  <  <  0 .2
shows some r e l a t i o n s h i p ) .
I t  m ust t h e r e f o r e  be c o n c lu d e d  t h a t  e q u a t i o n  ( 8 - 4 )  
i s  n o t  s o u n d ly  b a se d  a t  l e a s t  f o r  t h e  M e n sc h u tk in  r e a c t i o n ,  
and c a n n o t  be  u se d  to  make any d e d u c t io n  a b o u t  t h e  m echa­
n ism  o f  t h e  r e a c t i o n .
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c a l c u l a t e d v a l u e s o f  " i s o k i n e t i c t e m p e r a tu r e "
6 * i n  d e g r e e s  K«
S lo p e
(* )
I n t e r c e p t
( a )
*
r *s +s ■2 S e le c '  P d a t;
0 .8 9 8 4 0 .5 6 6 0 .9 8 3 0 .0 3 1 0 .1 5 6 “ 8758+415 a
0 .9 4 8 4 -0 .7 5 1 0 .9 9 7 0 .0 1 3 0 .0 6 3 ~ 288+150 b
0 .9 5 2 6 - 0 .7 6 5 0 .9 9 7 0 .0 1 4 0 .0 6 6 -  245+195 c
1 .0 1 2 7 -1 .0 8 1 0 .9 2 3 0 .0 9 9 0 .2 2 5 29+145 d
1 .1 0 6 4 -1 -4 5 3 0 .8 4 6 0 .1 8 6 0 .2 5 2 150+347 e
A v erag e  p = 89.5K
xT a b l e ( 8 .5 )  T h e ‘c h a r a c t e r i s t i c s  o f  p l o t  o f  l o g k p v s .  l o g k ^
and c a l c u l a t e d  v a l u e s  o f  " i s o k i n e t i c  t e m p e r a t u r e ” y 
i n  d e g r e e s  K.
S lo p e  I n t e r c e p t P
S e l e c t e d
d a t a
0 .7 5 6 9 1 .3 6 4 0 .9 8 2 0 .0 2 7 0 .2 5 4 525+46 a
0 .9 5 5 9 0 .8 2 1 0 .9 9 7 0 .0 1 3 0 .0 7 0 -216+1803 b
0 .7 6 1 6 1 .04 5 a 0 .9 9 6 0 .0 1 7 0 .1 2 6 533+30 c
0 .7 7 8 4 0 .2 1 7 0 .9 9 2 0 .0 2 1 0 .221 567+51 d
0 .7 3 3 6 0 .0 4 8 0 .9 9 7 0 .0 1 4 0 .1 2 7 492+17 e
A verage  p = 52 9 . 3K .
a  : a l l  s o l v e n t s  p r e s e n t e d  i n  T a b l e ( 8 . 3  ) ; b : a p r o t i c
s o l v e n t s ;  c :  a p r o t i c  s o l v e n t s  e x c e p t  c y c lo h e x y l  c h l o r i d e ,  
c y c lo h e x y l  b r o m id e , 1 , 1 , 1 - t r i c h l o r o e t h a n e  and  1 - c h l o r o -  
b u t a n e ;  d :  o n ly  d a t a  from  r e f ,  81 ; e : s o l v e n t s  from
r e f .  81 e x c e p t  h a lo g e n a t e d  s o l v e n t s  su ch  a s  c y c l o h e x y l  
c h l o r i d e ,  c y c lo h e x y l  b ro m id e ,  1 , 1 , 1 - t r i c h l o r o e t h a n e ,
1- c h l o r o b u t a n e ,  
c o r r e l a t i o n  c o e f f i c i e n t * s t a n d a r d  d e v i a t i o n  o f  s l o p e
+ s t a n d a r d  d e v i a t i o n  o f  Y .
t r  4* CT a b l e ( 8 .6 )  The c h a r a c t e r i s t i c s  o f  p l o t  o f  AH™ m v s .
. -L o *** •*-
c
AS™ ™ and c a l c u l a t e d  v a l u e s  o f  11 i s o k i n e t i c  
2 1      — —  --------------- — ------------- :—
t e m p e r a t u r e 1* t , i n  d e g r e e s  K.
* * + S e l e c t e d
S lo p e  I n t e r c e p t  r  s s  p  d a t a
302 24017 0 .8 6 0 83 1212 802+33 a
82 15225 0 .9 1 6 70 756 82+69 b
85 15126 0 .9 4 8 34 646 85+60 c
84 12851 0 .2 3 2 83 636 84+83 d
80 14827 0 .5 2 6 32 248 80+35 e
A verag e  {3 = 126.6K
T a b l e ( 8 . 7 )  The c h a r a c t e r i s t i c s  o f  p l o t  o f  Ah1 x ™ v s .
2 1
As*xr^ 2*"^1 an<  ^ c a l c u l a t e d  v a l u e s  o f  " i s o k i n e t i c  
t e m p e r a t u r e " ,  p  , i n  d e g r e s s  K.
•X- ^
S lo p e  I n t e r c e p t  r  s  s  ^  S e l e c t e d
d a t a
117 16383 0 .6 6 7 24 1813 117+24 a
79 14720 0 .2 8 6 52 1044 79+52 b
91 14962 0 .3 4 7 52 1037 91+52 * c
137 16616 0 .4 8 7 58 653 137+58 d
139 16389 0 .8 3 7 24 270 139+25 e
A verage  (3 = 1 1 2 .6
a :  a l l  s o l v e n t s  p r e s e n t e d  i n  T a b l e ( 8 .1  ) ; b :  a p r o t i c
s o l v e n t s  ; c :  a p r o t i c  s o l v e n t s  e x c e p t  c y c l o h e x y l  c h l o r i d e ,  
c y lc o h e x y l  b rom ide  j, 1 , 1 , 1 - t r i c h l o r o  e th a n e  and 1 - c h l o r o -  
b u ta n e  ; d :  o n ly  d a t a  from  r e f .  81 ; e :  s o l v e n t s  f ro m
r e f .  81 e x c e p t  h a lo g e n a te d  s o l v e n t s  su c h  a s  c y c l o h e x y l  
c h l o r i d e , c y c lo h e x y l  b ro m id e , 1 , 1 , 1 - t r i c h l o r o e t h a n e ,
1- c h l o r o b u t a n e .
* c o r r e l a t i o n  c o e f f i c i e n t  ; * s t a n d a r d  d e v i a t i o n  o f  s l o p e  ;
+ s t a n d a r d  d e v i a t i o n  o f  f
T a b le (8 .8 )  The c h a r a c t e r i s t i c s  o f  p lo t  o f  AH*X v s .  AS*X
and c a l c u l a t e d  v a lu e  o f  11 i s o k i n e t i c  t e m p e r a t u r e 11,
|3 , i n  d e c r e e s  K a t  2 9 8 .15K.
* *f- /5
S lo p e  I n t e r c e p t  r  s  s  P S e l e c t e d
d a t a
264 21168 0 .8 2 6 29 1213 264+29
83 14831 0 .3 4 5 38 904 83+38 b
90 14934 0 .3 9 7 37 873 90+37 c
82 14748 0 .2 8 6 64 622 82+64 a
84 14560 0 .6 0 1 29 276 84+30 e
A verage  (5 = 120.6K
T a b l e ( 8 ,9 )  T h e ' c h a r a c t e r i s t i c s  o f  p l o t  o f  AH*C v s .  AS*C
and c a l c u l a t e d  v a lu e s  o f  “ i s o k i n e t i c  t e m p e r a t u r e " , 
p , i n  d e g r e e s  K a t  2 9 8 , 15K.
+ 4- +
S lo p e  I n t e r c e p t  r  s  s  6 S e l e c t e d
■ d a t a
279 22954 0 .8 2 4 30 1208 279+30 a
89 15542 0 .3 4 8 39 900 89+39 b
95 15668 0 .3 9 7 38 868 95+38 c
106 16203 0 .3 3 3 71 615 106+71 d
107 15974 0 .6 7 3 31 261 107+31 e
A verage  ^ = 135.2K
a :  a l l  s o l v e n t s  p r e s e n t e d  i n  T a b l e ( 8 .2  ) ; b :  a p r o t i c
s o l v e n t s  ; c :  a p r o t i c  s o l v e n t s  e x c e p t  c y c lo h e x y l  c h l o r i d e ,  
c y c lo h e x y l  b ro m id e ,  1 , 1 , 1 - t r i c h l o r o e t h a n e  and 1- c h l o r o -  
b u ta n e  ; d :  o n ly  d a t a  from  r e f .  81 ; e :  s o l v e n t s  f ro m
r e f .  81 e x c e p t  h a 'lo g e n a te d  s o l v e n t s  su ch  a s  c y c l o h e x y l  
c h l o r i d e ,  c y c lo h e x y l  b ro m id e ,  1 , 1 , 1 - t r i c h l o r o e t h a n e ,
1- c h l o r o b u t a n e .
* c o r r e l a t i o n  c o e f f i c i e n t  ; + s t a n d a r d  d e v i a t i o n  o f  s l o p e  ;
+ s t a n d a r d  d e v i a t i o n  o f  y
3. IdT a b le (8 .10) S o lven t p o l a r i t y  E^> o f  s o lv e n t ,  e n th a lp y ,
Idand, e n t r o p y  ( i n  mol f r a c t i o n  s c a l e )  o f  a c t i v a ­
t i o n  o f  r e a c t i o n " ( E t ^ N + E t l )  a t  2 9 8 .15K.
S o l v e n t s  E^ AH*X AS™
P r o p y le n e  c a r b o n a te 46*6 11 .5 - 2 9 . 4
D im e th y ls u lp h o x id e 4 5 .0 1 3 .6 - 2 1 . 7
D im eth y lfo rm am id e 4 5 .8 1 2 .6 -2 7 .1
A c e t o n i t r i l e 4 6 .0 1 1 .9 - 2 9 . 4
N i t r o b e n z e n e 4 2 .0 12 .0 - 3 1 .0
P r o p i o n i t r i l e 4 3 .7 1 1 .7 - 3 2 .1
B e n z o n i t r i l e 4 2 . 0 1 1 .7 - 3 2 .2
A c e to n e 4 2 . 2 1 1 .3 - 3 4 .7
B u tan o n e 4 1 .3 1 1 .7 - 3 4 .5
1 , 2 - D i c h l o r o e th a n e 4 1 .9 1 0 .9 - 3 5 . 6
1 , 1 - D i c h l o r o e th a n e 3 9 .4 1 1 .6 - 3 5 . 8
D ic h lo ro m e th a n e 41.1 1 1 .8 - 3 5 . 4
T e t r a h y d r o f u r a n 3 7 .4 1 1 .9 - 3 6 .2
1 , 1 , 1 - T r i c h l o r o e t h a n e 3 6 .2 12 ,5 - 3 7 .2
E t h y l  a c e t a t e 38 .1 1 1 .4 - 3 9 .0
F lu o ro b e n z e n e 38 .1 11 .3 - 4 0 .0
C h lo ro b e n z e n e 3 7 .5 11 .3 - 3 7 . 8
Brom obenzene 3 7 .5 1 1 .6 - 3 6 . 7
Io d o b en z en e 3 7 .9 1 1 .4 - 3 5 . 6
C h lo ro fo rm 39.1 1 1 .7 - 3 4 . 9
C y c lo h ex an o n e 4 0 .8  ‘ 12 .3 - 3 2 .0
o -D ic h lo r o b e n z e n e 38 .1  ' 1 1 .8 - 3 5 .0
B enzene 3 4 .5 1 1 .4 - 3 9 . 9
D iox  an 3 6 .0 1 1 .9 - 3 7 .0
n~Hexane 3 0 .9 16.2 - 3 6 .1
a : a l l  from  r e f .  91
b : :  AH* i n  k c a l . m o l " ^ , AS* i n -1 -1c a l .K  mol ( f ro m  T a b l e ( 8 . 2 ) )
CHAPTER 9
SOLVENT EFFECTS ON THE t-BUTYL HALIDE REACTIONS.
9*1 S o lven t e f f e c t s  on th e  t - b u t y l  h a l id e  r e a c t i o n s *
Most o f  t h e  r e l e v a n t  work on  t - b u t y l  h a l i d e  r e a c t i o n s  
to  d a t e  h a s  b e e n  c a r r i e d  o u t  i n  o r d e r  to  d i s s e c t  s o l v e n t  
e f f e c t s  on  AG v a l u e s  i n t o  i n i t i a l - s t a t e  and  t r a n s i t i o n -  
s t a t e  c o n t r i b u t i o n s • O nly  few  su c h  d i s s e c t i o n s  have been 
c a r r i e d  o u t  i n  te rm s  o f  e n t h a l p i e s  o r  e n t r o p i e s ,  t h e  f i r s t  
su c h  work b e in g  t h a t  o f  A r n e t t  e t  a l . ^ ^ ~ ^ ^  f o r  v a r i o u s
<j 7  7
aq u eo u s  e t h a n o l i c  s o l v e n t s .  Rudakov and T re ty a k o v  h av e
d e a l t  w i t h  a  number o f  p u r e  s o l v e n t s ,  n i n e  h y d r o x y l i c  and
s i x  a p r o t i c ,  b u t  u n f o r t u n a t e l y  t h e  AH0 and AS° v a l u e ss s
t h e y  u s e d  f o r  t - b u t y l  c h l o r i d e  w ere  o b t a i n e d  by t h e  tem p e ­
r a t u r e  v a r i a t i o n  o f  H e n r y ’s law  c o n s t a n t  and a r e  n o t  a s
r e l i a b l e  a s  v a l u e s  d e te rm in e d  by  d i r e c t  c a l o r i m e t r y .  A b ra -  
110ham h a s  r e p o r t e d  a  d i s s e c t i o n  i n  te rm s  o f  G, H and  S f o r
s i x  a l c o h o l i c  s o l v e n t s ,  t h e  r e q u i i 'e d  AH° v a l u e s  b e in gs
o b t a i n e d  by s o l u t i o n  c a l o r i m e t r y .
F o r  a  s im p le  u n i m o l e c u l a r  r e a c t i o n  su c h  a s  t h e  r e a c t i o n  
o r  d e c o m p o s i t io n  o f  t - b u t y l  h a l i d e s ,  t h e  r e l e v a n t  e q u a t i o n  
f o r  t h e  d e t e r m i n a t i o n  o f  t h e  t i * a n s i t i o n - s t a t e  s o l v e n t  e f f e c t  
i s
A P °(T r)  = AP° (t-B uX ) + iA P *  ( 9 - 1 )
w h ere  P d e n o te s  G, H o r  S ; T r  d e n o te s  a s  u s u a l  t h e  t r a n s i ­
t i o n - s t a t e  and X i s  e i t h e r  Cl o r  B r i n  t h e  p r e s e n t  w o rk .
9 . 1 . A. S o lven t e f f e c t s  on th e  t - b u t y l  c h lo r id e  r e a c t i o n .
I . S o l v e n t  e f f e c t s  i n  te rm s  o f  f r e e  e n e r g y .
Q u i te  a  l a r g e  num ber o f  A G °(t-B uG l)  v a l u e s  h a v e  a l r e a d y
91b e en  d e te r m in e d  by Abraham , u s i n g  t h e  g a s  c h ro m a to g ra p h ic  
m ethod d e s c r i b e d  on  page  51 to  o b t a i n  t h e  l i m i t i n g  v a l u e s  
o f  t h e  R a o u l t ’ s  law  a c t i v i t y  c o e f f i c i e n t s  y f  and  e q u a t i o n  
( 9 - 2 )  to  c a l c u l a t e  A G °(t-B u C l)
A G °(t-B u C l)  = R T ln( Y“ /  y " )  ( 9 - 2 )
I n  t h e  p r e s e n t  w ork , t h e s e  v a l u e s  h av e  b e e n  r e c a l c u l a t e d
so t h a t  t h e  r e f e r e n c e .  A i s  a c e t o n i t r i l e  r a t h e r  t h a n  m e th a n o l
91a s  u se d  by Abraham ; t h e n  B r e f e r s  to  any  o t h e r  s o l v e n t .  
D e t a i l s  a r e  i n  T a b l e ( 9 . 1 ) ,  t o g e t h e r  w i th  v a l u e s  i n  >10 a d d i ­
t i o n a l  s o l v e n t s  o b t a i n e d  i n  t h e  p r e s e n t  work ( s e e  C h a p te r  1 3 ) .  
The new v a l u e s  o f  A G °(t-B u C l)  c o n f i rm  p r e c i o u s  c o n c l u s i o n s ,  
nam ely  t h a t  s o l v e n t  e f f e c t s  on t h e  i n i t i a l - s t a t e  a r e  compa­
r a t i v e l y  s m a l l ,  w i t h  t h e  s o l e  e x c e p t i o n  o f  w a t e r .  A lso  i n  
T a b l e ( 9 .1 )  a r e  t h e  p r e v i o u s  v a l u e s  o f  AG °(Tr) and  t h e  new 
v a l u e s  o b t a i n e d  i n  t h e  p r e s e n t  w ork . The new v a l u e s  f i t  i n  
q u i t e  w e l l  w i th  t h e  p a t t e r n  shown by t h e  p r e v i o u s  v a l u e s ;  
t h e r e  i s  l i t t l e  c o r r e l a t i o n  be tw een  AG °(Tr) and  AG°(M'e^N++ 
Cl ) and a  much b e t t e r  c o r r e l a t i o n  w i th  v a l u e s  o f  AG^ f o r
•f ~
t h e  io n  p a i r  Me^N C l .  S in c e  t h e  f r e e  e n e rg y  r e s u l t s  h a v e  
been  d i s c u s s e d  i n  some d e t a i l  b e f o r e ,  we c o n c e n t r a t e  on  t h e  
e n th a lp y  and e n t r o p y  d a t a .
I I .  S o lv e n t  e f f e c t s  i n  te rm s  o f  e n t h a l p y .
M easurem ents  o f  A H °(t-B u C l)  i n  a l c o h o l i c  s o l v e n t s  h a v es  „
110b e en  r e p o r t e d  b e f o r e  and t o g e t h e r  w i th  new m e a su re m e n ts  i n  
t h e  p r e s e n t  work y i e l d  t h e  v a l u e s  o f  A H ^(t-B u C l)  g iv e n  i n  
T a b l e ( 9 . 2 ) .  A g a in ,  w i th  t h e  e x c e p t i o n  o f  w a t e r ,  i n i t i a l - s t a t e  
e f f e c t s  a r e  much s m a l l e r  t h a n  e f f e c t s  on  th e  t r a n s i t i o n - s t a t e .  
V a lu e s  o f  AH°(Me^S+Cl) a r e  i n  T a b l e ( 9 . 2 ) ,  b u t  t h e r e  i s  
l i t t l e  c o n n e c t io n  b e tw ee n  t h e s e  and  t h e  AH^(Tr) v a l u e s .
I l l  S o lv e n t  e f f e c t s  i n  t e rm s  o f  e n t r o p y .
C o m b in a t io n  o f  t h e  f r e e  e n e rg y  and e n th a lp y  d a t a  y i e l d s  
t h e  e n t r o p y  v a l u e s  g iv e n  i n  T a b l e ( 9 . 3 ) .  T here  seem s to  be 
v e r y  l a r g e  v a r i a t i o n s  i n  A S °(T r)  ev en  am ongst t h e  a p r o t i c  
s o l v e n t s ,  a l t h o u g h  some o f  t h i s  v a r i a t i o n  c o u ld  w e l l  be  due  
to  e r r o r s  i n  t h e  r e p o r t e d  v a l u e s  o f  A S. As t h i n g s  s t a n d  
a t  t h e  moment, i t  seem s e v id e n t  a g a i n  t h a t  t h e  d i s s o c i a t e d  
p a i r  o f  i o n s  Me^S+Cl i s  n o t  a  good m odel f o r  t h e  t r a n s i ­
t i o n  s t a t e .  I t  i s  n o t  o b v io u s  w hat o t h e r  model s o l u t e s  c o u ld  
be u s e d .  S p e c ie s  o f  f a i r l y  low  p o l a r  n a t u r e  su c h  a s  p - n i t r o -  
b e n z y l  c h l o r i d e  ( s e e  T a b l e ( 7 . 6 ) )  a r e  c l e a r l y  n o t  s u i t a b l e  
m odel s o l u t e s ,  and t h e  t y p e s  o f  p o l a r  compounds f o r  which 
AS° v a l u e s  c o u ld  be o b ta in ed  a r e  v e r y  l i m i t e d .
What can  be s a i d ,  h o w ev er ,  i s  t h a t  t a k i n g  i n t o  a c c o u n t  
t h e  p r o b a b ly  l a r g e  e r r o r  i n  As* , t h e  v a lu e s  o f  8 AS* a r e  
r e a s o n a b l e  a p p ro x im a t io n s  to  t h e  A S °(T r)  v a l u e s .  Thus i n  
f u t u r e  w ork , a s  a  f i r s t  a p p ro x im a t io n  w i th  n o n -a q u e o u s  s o l v e n t s  
A S ^( t-B u C l)  c o u ld  be s e t  e q u a l  to  z e ro  and A S ^(T r)  e q u a te d  
w i th  8 Ast
-  2 1 8  -
T a b le (9 .1 )  C a lcu la t io n  o f  f r e e  en e r g ie s5' o f  t r a n s fe r  (on the mol f r a c t io n  s c a l e )  
from a c e t o n i t r i l e  to o th er  s o lv e n ts  o f  the t r a n s i t io n  s t a t e  in  the
decom position o f  t - b u ty l  ch lor id e  in  kcal.mol*"^ a t  2 9 8 ,15K.
S o lv en t AG* S ag* '
B u ^ l
-------  AG®
Tr MejJ+C l4 Me J c l  4
Water 19.55 -  9.81 4 .9 6 -  4 .85 -  9 .3 -  7 .5
Methanol 2 5 .7 7 -  3 .5 9 0 .3 9 -  3 .20 -  5 .6 -  4 .5
Ethanol 27 .10 -  2 .2 6 0 .1 3 -  2 .13  • -  2 .6 -  3 .0
1-Propanol 2 7 .5 4 -  1 .82 0 .0 5 -  1 .77 -  1 »5 -  2 .6
2 -Propanol 28.01 -  1 .35 0 .0 9  - -  1 .26 -  0 .4 -  2 .2
1-Butanol ‘ 27 .53 -  1.83 - 0 .0 7 -  1.90 -  0 .5 -  2 .3
t -B u ty l  a lco h o l 28 .73 -  0 .6 3 - 0 .0 7 -  0 .70 3 .3 -  0 . 6
E thylene g ly c o l 0 .2 5 1)
A c e t ic  ac id 26.61 -  2 .75 0 .1 0 -  2 .65
Propylene carbonate 2 8 .7 6 d -  0 .6 0 0 .1 7 b -  0 .4 3 b -  3 .5 2 s
D imethylsulphoxide 2 8 .8 0 e -  5.6® 0 .4 7 -  0 .0 9 -  2 .3 4 g
Nitromethane 28 .53 -  0 .83 0 .21 -  0 .62 -  1 .5 -  1 .4
Formamide 23 .55 -  5 .9 0 f 1 .91b -  3 .9 9 b
Dimethylformamide 29 .02 -  0 .3 4 - 0 .1 5 -  0 .4 9 “ 1a3 -  1 .0
A c e t o n i t r i l e 29 .36 0 0 0 0 0
Nitrobenzene 30.71 1.35 - 0 .3 6 0 .9 9 2 .1 1 .8
N-M ethylpyrrolidone 29 .6 9 0 .3 3 - 0 .11 0 .22 -  0 .3 0 .2
B e n z o n i t r i l e 31.02® 1.66 - 0 .3 2 b 1 .34b
Acetone 3 0 .9 6 1.60 0 .4 4 1.16 3 .4 2 .1
1 ,2 -D ichloroethane 35.48® 6.12 - 0 .6 0 b 5 .5 2 b 6 .0 8 s
Dichloromethane 3 0 .4 7 ° 1.11 - 0 .3 4 b 0 .7 7 b
E thyl a c e ta te 3 6 .6 5 ° 7 .29 - 0 . 70b 6 .5 9 b
E thyl benzoate 3 6 .3 9 ° 7 .03 - 0 .5 4 b 6 .49b
E thyl o x a la te 36.50® 7.14 - 0 .4 1 b 6 .7 3 b
Chlorobenzene 33.92 4.56" - 0 .7 3 . 3 .83 14 .9 6 .6
Bromobenzene 32.85® 3.49 - 0 .6 3 b 2 . 86b
Dioxan 3 2 .1 9 2 .83 - 0 .42 2.41
D ie th y l  e th er 33 .22 3 .86 - 0 .5 6 3 .30 22.1 10 .6
Benzene 34 .0 4 4 .6 8 - 0 .6 7 4.01 28 .5 8 .4
n-Pentane 3 9 .2 8 9.92 - 0.61 9.31 1 6 .8
a : v a lu e s  from re fe r e n c e  57,91 ; b : P resent work ; c : r e f .  109 ; 
d : r e f .  134 ; e : est im ated  va lues  ; f  : r e f .  58 ; g : r e f .  136
T a b l e ( 9 .2 )  C a l c u l a t i o n  o f  e n t h a l p i e s  o f  t r a n s f e r  from  a c e t o ­
n i t r i l e  t o  o t h e r  s o l v e n t s  o f  t h e  t r a n s i t i o n  s t a t e
-1
a t  2 9 8 . 15K.
AH? -t
S o lv e n t AH* S a b * ' -i-
Me J+C 4Bu Cl T r
W ate r 2 3 .3 0 - 0 . 6 0 .7 5 a 0 .1 5 - 1 . 4 6
M eth an o l 2 5 . 10b 1 .2 - 0 . 3 9 b 0 .8 1 0 .8 2
E th a n o l 2 6 .1 0 b 2 .2 - 0 .4 1 b 1 .7 9 0 .9 6
1- P r o p a n o l 2 6 .0 0 b 2.1 -0 .3 2  b 1 .7 8 - 0 . 1 8
2 - P r o p a n o l 2 4 . 5b 0 . 6 - 0 . 0 9 b 0 .5 1
1 - B u ta n o l 2 3 . 6b - 0 . 3 ! O • TO ro o
'
- 0 . 5 2
P r o p y le n e
c a r b o n a t e 2 0 .5 ° - 3 . 4 0 .0 0 a - 3 . 4 VO. 96
N it ro m e th a n e 2 3 .3 ° - 0 . 6 0 .5 2 d - 0 . 0 8 °
D im ethy lfo rm ara ide 20 ; 5 - 3 . 4 o ; 40e - 3 . 0 d - 0 . 5 7
A c e t o n i t r i l e 2 3 .9 0 0 0 0
N i t r o b e n z e n e 0 . 2 7 d
A c e to n e 2 0 .4 ° - 3 . 5 0 . 3 3 d - 3 . 8 3 d 1 .9 2
D ic h lo ro m e th a n e - 0 . 5 3 d
f
a  : r e f .  91 ; b : r e f .  110 ; c : r e f .  137 ; 
d : t h i s  work ; e : e s t im a t e d  ; f  : r e f s .  127 and  136
T a b le (9 .3 )  C a lc u la t io n  o f  e n t ro p ie s  o f  t r a n s f e r  (on th e  mol
f r a c t i o n  s c a l e )  from  a c e t o n i t r i l e  to  o t h e r  s o l v e n t s  
o f  t h e  t r a n s i t i o n  s t a t e  i n  t h e  d e c o m p o s i t io n  o f  
t - b u t y l  c h l o r i d e  i n  c a l .K ~ ^ m o l “^  a t  2 9 8 , 15K.
—  A st  —
S o lv e n t  AS* b  AS* . .
Bu C l T r  Me^N+Cl
W ate r 1 2 .6 3 0 .9 - 1 4 .1 \16 . 8 2 6 .3
M ethano l -  2 .2 16 .1 -  2 .6  V 1 3 .5 2 1 .5
E th a n o l -  3 . 4 1 4 .9 -  1 .8 13.1 1 1 .9
1- P r o p a n o l -  5 .2 13.1 -  1 .2 1 1 .9 4 .4
2 - P r o p a n o l - 1 1 . 8 6 .5 -  0 . 6 5 .9
1- B u ta n o l i • ro 1.1 -  0 .5 0 . 6
P r o p y le n e  c a r b o n a te - 2 7 .7 -  9 .4
VO.01 - 1 0 .0 1 5 .0
N i t ro m e th a n e - 1 7 .5
oo»o 1 .0 1 .8
D im ethy lfo rm am ide - 2 8 .6 - 1 0 .3 1 .8 -  8 .5 -  1 .0
A c e t o n i t r i l e - 1 8 .3 0 0 0 0
N i t r o b e n z e n e 2 .1
A c e to n e - 3 5 .4 - 1 7 .1 2 .6 - 1 5 . 6 -  5 .0
D ic h lo ro m e th a n e -  0 . 6
9 .1 .B. S o lven t e f f e c t s  on th e  t - b u t y l  bromide r e a c t i o n .
Much l e s s  work h a s  b e en  c a r r i e d  o u t  on  t h i s  r e a c t i o n
th a n  f o r  t h e  r e l a t e d  t - b u t y l  c h l o r i d e  r e a c t i o n .  Some d a t a  a re
91a v a i l a b l e  f o r  aq ueo us  o r g a n i c  s o l v e n t s ,  and  f r e e  e n e rg y
d a t a  a r e  a v a i l a b l e  f o r  r e a c t i o n  i n  some h y d r o x y l i c  and a p r o t i c
91 110 91p u re  s o l v e n t s .  9 Abraham showed t h a t  t h e r e  was a
r e a s o n a b l e  c o r r e l a t i o n  b e tw een  A G °(T r)  and A G® (Me^SfBr) 
f o r  9 p o l a r  s o l v e n t s ,  b u t  v e r y  l i t t l e  d a t a  on e n t h a l p i e s  o r  
e n t r o p i e s  o f  t r a n s f e r  h av e  been  r e p o r t e d .
I n  t h e  p r e s e n t  w ork , v a l u e s  o f  A G °(t-B uB r) h a v e  b e en  
o b t a i n e d  f o r  t r a n s f e r  from  a c e t o n i t r i l e  to  7 o t h e r  s o l v e n t s ,  
and a  few f u r t h e r  v a l u e s  o f  AG °(Tr) have  been  c a l c u l a t e d .  
D e t a i l s  t o g e t h e r  w i th  p r e v i o u s  d a t a ,  a r e  i n  T a b l e ( 9 * 4 ) .
Once a g a i n ,  t h e y  c o n f i rm  t h e  s u g g e s t i o n  t h a t  i n i t i a l - s t a t e  
e f f e c t s  a r e  r e l a t i v e l y  s m a l l ,  e x c e p t  i n  t h e  c a s e  o f  w a t e r  
a s  s o l v e n t .  The s p r e a d  o f  A G ^(l 'r )  v a l u e s  o v e r  t h e  v a r i o u s  
s o l v e n t s  i s  l e s s  t h a n  i n  t h e  c a s e  o f  t - b u t y l  c h l o r i d e ,  
s u g g e s t i n g  t h a t  t h e  t - b u t y l  b rom ide  t r a n s i t i o n  s t a t e  i s  
c o n s i d e r a b l y  l e s s  p o l a r .  An a n a l y s i s  i n  te rm s  o f  e n t h a l p y  
and e n t r o p y  can  a l s o  be made f o r  t h e  t - b u t y l  b ro m id e  r e a c ­
t i o n  ( T a b l e s ( 9 .5 )  & ( 9 . 6 ) ) ,  and show a g a i n  t h a t  i n i t i a l -  
s t a t e  e f f e c t s  a r e  s m a l l  e x c e p t  f o r  w a t e r  a s  s o l v e n t .  The 
e n t r o p y  d a t a  a r e  more i n f o r m a t i v e  t h a n  t h e  e n th a lp y  d a t a  
and i n d i c a t e  t h a t  i n  g e n e r a l  t h e  e n t r o p y  o f  t h e  t r a n s i t i o n  
s t a t e  becomes more n e g a t i v e  i n  t h e  l e s s  p o l a r  s o l v e n t s .
Once a g a in  i t  seems t h a t  t h e r e  i s  a  n eeed  f o r  d a t a  on p o l a r
N
s o l u t e s  t h a t  c o u ld  a c t  a s  m odels f o r  t h e  t r a n s i t i o n - s t a t e .
8lT a b le (9 .4 )  C a lc u la t io n  o f  f r e e  e n e rg ie s  o f  t r a n s f e r  (on th e
mol f r a c t i o n  s c a l e )  from  a c e t o n i t r i l e  to  o t h e r  
s o l v e n t s  o f  t h e  t r a n s i t i o n  s t a t e  i n  t h e  d e c o m p o s i t io n  
o f  t - b u t y l  b rom id e  i n  k c a l .m o l" ^  a t  2 9 8 .1 5 K *
S o lv e n t AG* b  AG*
Bu^Br
AG° -  
T r Me.S+Br4
W ater 17..61 — 7 .9 0 5 .3 0 - 2 .6 0 - 5 . 7 2
M eth an o l 2 3 .5 4 - 1 .9 7 0 .7 5 - 1 . 2 2 - 2 . 3 5
E th a n o l 2 4 .7 5 - 0 .7 6 0 .3 6 -0 * 40 - 0 . 1 2
2 - P r o p a n o l 2 5 .6 4 0 .1 3 0 .2 7 0 ,4 0
t - B u t y l  a l c o h o l 2 6 .3 2 0 .8 1 0 .1 5  - 0*96
A c e t i c  a c i d 2 4 .9 9 - 0 .5 2 0 .3 7 - 0 .1 5
P r o p y le n e  c a r b o n a te 2 4 .9 6 - 0 .5 5 0 .2 5 ° - 0 . 30d - 3 . 1 2
N i t ro m e th a n e 2 4 . 8 8 - 0 . 6 3 0 .5 2 - 0 .1 1
D im ethy Ifo rm am ide 2 5 .1 3 ' - 0 . 3 8 0 .0 2 - 0 . 3 6 - 0 . 4 4
A c e t o n i t r i l e 2 5 . 5115 0 0 0 0
N i t r o b e n z e n e 2 6 .9 4 b 1 .4 3 - 0 . 1 8d 1 .2 6 d
N - M e th y lp y r r o l id o n e 2 5 .6 4 0 .1 3 0 .0 5 0 .1 8
B e n z o n i t r i l e 2 7 .1 5 ^ 1 .6 4 - 0 . 1 9d 1 .4 5 d
A c e to n e 2 7 .1 8 1 .6 7 - 0 . 2 2 d 1 .4 5 d 3 . 3
E th y l  b e n z o a te 2 6 .9 6 ° 1 .4 5 - 0 . 4 4 d 1 .0 1 d
D i e t h y l  o x a l a t e 2 7 .7 4 b 2 .2 3 - 0 .3 3 1 .9 0
1 , 2 - D i c h l o r o e th a n e 2 8 .0 3 ^ 2 .5 2 - 0 . 4 5 8 2 .0 7 d 5 .6 0
D ic h lo ro m e th a n e 27.29** 1 .7 8 - 0 .4 0 ° 1 .3 8 d 1
C h lo ro b e n z e n e - 0 . 4 9 d
Brom obenzene - 0 . 4 5 d
D ioxan - 0 . 2 5 d
n -D ecan e - 0 . 3 3 d
a  : r e f .  91 ; b : r e f .  138 ; c : r e f .  136 ; 
d : t h i s  work ; e : e s t i m a t e d .
T a b l e ( 9 .5 )  C a l c u l a t i o n  o f  e n t h a l p i e s  o f  t r a n s f e r  from
a c e t o n i t r i l e  to  o t h e r  s o l v e n t s  o f  t h e  t r a n s i t i o n  % 
s t a t e  i n  t h e  d e c o m p o s i t io n  o f  t - b u t y l  b ro m id e  
i n  k c a l .m o l   ^ a t  2 9 8 .1 5K.
S o lv e n t
M ethano l
E th a n o l
1 ~ P ro p a n o l
P r o p y le n e  c a r b o n a t e
N i t ro m e th a n e
D im eth y lfo rm am id e
A c e t o n i t r i l e
N i t r o b e n z e n e
N -M e th y lp y rro 1 id o n e
B e n z o n i t r i l e
A c e to n e
D i e t h y l  o x a l a t e  
1 , 2 - D i c h l o r o e th a n e  
D ic h lo ro m e th a n e
AH* &  AH*
Bu
2 3 . OO*3 3 .5 0 -0
24.40*3 4 .9 0 -0
24.30® 4 .8 0 -o
2 0 .2 0 0 .7 0 0
0
2 1 .9 0 a 2 . 40 -0
1 9 .5 0 a 0 0
2 0 .3 0 a 0 .8 0 -0
2 2 . 10a 2 .6 0 -0
2 1 ,5 0 a 2 .0 -0
1 9 .5 0 d 0 -0
a
14 .9 0 - 4 . 6 -0
1 2 .4 0 a -1 .1 -0
1 6 . 60a - 2 . 9 -0
AH° —
X
-----------
^Br T r MeJ+B:4
.4 3 ^ 3 .0 7 3 .1 6
.5 1 13 4 .3 9 3 .2 2
.4*5* 4 .3 4
.0 8 0 . 7 8 d 1 .1 4
• 54d
.3 8 d 2 .0 2 d - 1 . 4
0 0
• 40d 0 . 4 0 d
d.57 2 .0 3 d
.4® 1 .6 0 d
.3 7 d - 0 . 3 7 d 0 .9 7
:4 8 d - 5 . 0 8 d
.5 6 d - 1 . 6 6 d - 1 . 8
.7 5 d - 3 . 6 5 d
a :  r e f . 138 ; b :  r e f . 110; c :  136 
e :  e s t im a t e d  •
; d :  t h i s  w ork;
T a b le (9 .6 )  C a lc u la t io n  o f  e n t ro p ie s  o f  t r a n s f e r  (on th e  mol
f r a c t i o n  s c a l e )  from  a c e t o n i t r i l e  to  o t h e r  s o l v e n t s
o f  t h e  t r a n s i t i o n s t a t e  i n t h e  d e c o m p o s i t io n o f
t - b u t y l  b rom id e  i n c a l . i T 1m ol”  ^ a t 2 9 8 . 15K.
S o lv e n t As* S AS*
■DBu B r
• A s t  --------------
T r  Me.iS+B] 4
M ethano l - 1 . 8 1 8 .4 - 4 . 0 1 4 . 4 1 8 .5
E th a n o l - 1 . 2 1 9 .0 - 2 . 9 16.1 11 .2
P r o p y le n e
c a r b o n a t e - 1 6 .0 4 .2 - 0 . 6 3 .6 1 4 .3
D im e th y l  form am ide - 1 0 . 8 9 .4 1 .3 1 0 .7 -  3 . 2
A c e t o n i t r i l e - 2 0 .2 0 0 0 0
N i t r o b e n z e n e - 2 2 .3 - 2 .1 - 0 . 7 -  2 . 8
N -M e th y lp y r ro l id o n e - 1 1 .9 8 .3 - 2 .1 6 .1
B e n z o n i t r i l e - 1 9 .0 1 .2 - 0 . 7 0 . 5
A c e to n e - 2 5 . 8 -  5 .6 - 0 . 5 - 6 . 1 -  7 . 8
D i e t h y l  o x a l a t e -4 3 .1 - 2 2 . 9 - 0 . 5 - 2 3 . 4
1 ,2 - D i c h l o r o e th a n e - 3 2 .3 -1 2 .1 - 0 . 4 - 1 2 . 5 - 2 4 . 8
D ic h lo ro m e th a n e - 3 5 . 8 - 1 5 .6 - 1 .2 - 1 6 . 8
CHAPTER 10
PREPARATION AND PURIFICATION OF MATERIALS.
10,1 P re p a ra t io n  and p u f i f i c a t i o n  o f  s o lu te  t e t r a m e t h y l t i n .
T e t r a m e t h y l t i n  was p r e p a r e d  i n  x y le n e  medium i n  a  way
f X Qs i m i l a r  to  t h a t  o f  S p a ld in g .
The p r e p a r a t i v e  a p p a r a t u s  c o n s i s t e d  o f  a  3 l i t r e  
3 -n e c k e d  QQ f l a s k  e q u ip p e d  w i th  a  m e r c u r y - s e a l e d  s t i r r e r *  
a  d o u b le  s u r f a c e  r e f l u x  c o n d e n s e r  and  s e p a r a t i n g  f u n n e l  
(250cm5 ) .
The a p p r o p r i a t e  G r ig n a r d  r e a g e n t  (MeMgl) was f i r s t  
p r e p a r e d  a s  f o l l o w s :
Magnesium t u r n i n g s  (5 0 g . ) ,  * sodium  d r i e d 1 d i - n - e t h y l ~
3 3e t h e r  ( 80crn ) , ‘ sodium  d r ie d *  x y le n e  (80cm ) and a  few
d ro p s  o f  n e a t  b rom ine  w ere  p la c e d  i n  t h e  f l a s k .  A s o l u t i o n
o f  m e th y l  i o d i d e  (3 26g „)  i n  x y le n e  (600cm ) was made u p ,
and t h e n  o n e - t e n t h  o f  t h i s  s o l u t i o n  was added to  t h e  m ix tu r e
i n t o  t h e  f l a s k .  A nhydrous s t a n n i c  c h l o r i d e  ( 1 0 0 g . )  was
added  to  t h e  r e m a in in g  n i n e - t e n t h s  o f  m e th y l  i o d i d e  i n  x y l e n e *
T h is  m ix tu r e  (M el/S nC l^ )  was t h e n  added  to  t h e  f l a s k  d r o p -
w is e  and v e r y  s lo w ly  i n  o r d e r  to  k e ep  t h e  t e m p e r a t u r e  b e tw ee n
343-363K . A f t e r  t h i s  a d d i t i o n ,  t h e  r e a c t i o n  m ix tu r e  was
s t i r r e d  v e r y  v i g o r o u s l y  f o r  an  h o u r ,  and th e n  was h e a t e d  a t
a b o u t  3 7 3 . 15K u s i n g  a  s te am  cone f o r  3 h o u r s .
The m ix tu r e  was a l lo w e d  to  c o o l ,  and th e n  d i s t i l l e d .
The f r a c t i o n  o f  b . p .  a b o u t  343-353K was c o l l e c t e d .  A f t e r  
p u r i f i c a t i o n  w i th  NH^ g a s ,  th e  t e t r a m e t h y l t i n  was r e d i s t i l l e d  
and c o l l e c t e d  a t  350-3S1K /760 ( l i t 1.5, 9 b .p .3 5 1 K /7 6 0 )  .The r e f r a c ­
t i v e  in d e x  was foun d  to  be n ^ 5=1 .4 3 8 2 ,  ( l i t 1.59 nj?5= 1 .4 3 5 0 ) .
T e tra -n -b u ty la m m o n iu m  p e r c h l o r a t e .
T h is  was p r e p a r e d  by th e  a d d i t i o n  o f  aqueous  p e r c h l o r i c  
a c i d  to  an  aq u eo u s  s o l u t i o n  o f  te t r a - n -b u ty la m m o n iu m  h y d r o x i d e .  
The s a l t  p r e c i p i t a t e d  o u t ,  and was f i l t e r e d  o f f ,  w ashed 
s e v e r a l  t im e s  w i t h  c o ld  d i s t i l l e d  w a te r  and t h e n  r e c r y s t a l ­
l i s e d  from  m e th a n o l - w a te r  ( 1 : 1 ,  v f/ v ) „ i t  was d r i e d  a t  333K 
u n d e r  a  p r e s s u r e  o f  15mm.
T etra-n -p rop .y lam m onium  i o d i d e .
T h is  was r e c r y s t a l l i s e d  from  a c e t o n e ,  and  was d r i e d  a t  
333K u n d e r  vacuum (15m m .).
T e tra -n -bu t .y lam m o n ium  io  d i d e .
T h is  s a l t  was r e c r y s t a l l i s e d  from  w a t e r .  I t  was t h e n  
d r i e d  a t  333K u n d e r  vacuum (15m m .).
T e trae th y lam m o n iu m  i o d i d e *
T h is  was r e c r y s t a l l i s e d  tw ic e  from  a q u eo u s  a c e to n e ,  
and d r i e d  a t  328K u n d e r  re d u c e d  p r e s s u r e  (2m m .).
The p u r i t y  o f  a l l  t h e s e  s a l t s  w a s .c h e c k e d  by  m ic r o -  
a n a l y s i s ,  and t h e  r e s u l t s  a r e  shown i n  T a b le s  ( 1 0 .1 )  and  
( 1 0 . 2 ) .
T a b l e ( 1 0 .1 )  A n a l y s i s  f o r  Bu^ClO, . -jZ--------------------  4.----  4
E le m e n ts  C H N
T h e o r e t i c a l  %  5 6 .2 2 .  1 0 .5 4  4«10
Pound 5 6 .0 2  1 0 .8 5  3*30
T a b l e ( l 0 . 2 )  A n a l y s i s  f o r  Bu ^ N I.
E le m e n ts  C H N
T h e o r e t i c a l  %  51*98 9 .7 5  3 .8 0
Pound 5 1 .9 8  9 .9 8  3*97
I t  can  be  s e e n  from  T a b le s  ( 1 0 .1 )  and ( 1 0 . 2 )  t h a t  
a g i ’eem ent b e tw een  fo u n d  and c a l c u l a t e d  v a l u e s  i s  q u i t e  g o o d .
p - N i t r o b e n z y l  c h l o r i d e .
T h is  was r e c r y s t a l l i s e d  from  n -h e x a n e  a n d  d r i e d  u n d e r  
vacuum (0 .8 : t o r r )  a t  room t e m p e r a t u r e  ■ (m ..p .344 .65K ;L ilt : ! f ?  .3 4 4 K ).
T r i e t h y l a m i n e .
Com m ercial t r i e th y l a m in e ( S L R )  was f i r s t  o f  a l l  s t o r e d  
o v e r  sodium  h y d ro x id e  p e l l e t s  f o r  one  n i g h t  b e f o r e  d i s t i l l a ­
t i o n .  I t  was t h e n  f i l t e r e d  and d i s t i l l e d ,  t h e  m i d d l e , c o n s t a n t  
b o i l i n g  f r a c t i o n  was c o l l e c t e d  ( b . p . 3 6 2 - 3 6 2 .5 K /7 6 1 , L i t l ^  
36 2 .5K /76 0 )  and s t o r e d  o v e r  sodium  h y d r o x id e  p e l l e t s  i n  t h e  
d a r k .
E th y l io d id e .
Com m ercial e t h y l  iod ide-(B D H ) was f i r s t  o f  a l l  s to r e d  
o v e r  a n h y d ro u s  sodium  c a r b o n a t e  and a n h y d ro u s  sod ium  s u l ­
p h a te  o v e r n i g h t .  I t  was t h e n  f i l t e r e d  and d i s t i l l e d ,  t h e  
m id d le  c o n s t a n t  b o i l i n g  f r a c t i o n  was c o l l e c t e d  ( b . p . 3 4 4 . 8 -  
3 4 5 .3 K /7 6 5 ,  L i t l ^ 5 345 .3K /760), and was k e p t  In  th e  d a rk .
t - B u t y l  c h l o r i d e .
C om m ercial t - b u t y l  c h l o r i d e  (H&W) o f  h i g h  p u r i t y  was 
d i s t i l l e d  and t h e  m id d le  c o n s t a n t  b o i l i n g  f r a c t i o n  was 
c o l l e c t e d  ( b .p .3 2 3 - 3 2 4 K / 7 6 6 ,L i t 1. f °  3 2 3 .7K/760) and  was k e p t ,  
i n  t h e  d a r k .
t - B u t y l  b ro m id e .
Com m ercial t - b u t y l  b rom ide  (BDH) o f  h i g h  p u r i t y  was 
d i s t i l l e d  and th e  m id d le  c o n s t a n t  b o i l i n g  f r a c t i o n  was 
c o l l e c t e d  ( h . p .  3 4 5 - 3 4 5 .5 K / 7 6 6 .L i t 1.']0 325K/760) and was k e p t  
k e p t  In  th e  d a rk .  r - ,
10.2 P u r i f i c a t i o n  o f  s o lv e n t s .
G e n e r a l ; A l l  s o l v e n t s ,  a f t e r  some i n i t i a l  p u r i f i c a t i o n  
p ro c e d u r e  w ere  g e n e r a l l y  d i s t i l l e d  u s i n g  t h e  a p p a r a t u s  shown 
i n  P i g . ( 1 0 .1 ) «  A t r e d u c e d  p r e s s u r e  t h e  lo w e r  d r y i n g - t u b e  
( c a l c iu m  c h l o r i d e )  and  u p p e r  one  w ere  r e p l a c e d  by  ai s to p p e r  
and  a  tu b e  c o n n e c te d  to  t h e  vacuum r e s p e c t i v e l y .  A l l  p r e s u r e s  
s t a t e d  i n  t h i s  work a r e  i n  mm. Hg.
A l c o h o l s .
E th a n o l ,  and 1- p r o p a n o l  (BDH) w ere  p u r i f i e d  by m agne- 
1 4 - 1sium  t r e a t m e n t .
A d ry  2 l i t r e  ro u n d -b o t to m e d  f l a s k  was f i t t e d  w i th  a  
d o u b le  s u r f a c e  c o n d e n s e r ,  and a  c a lc iu m  c h l o r i d e  d r y i n g  t u b e .  
C le a n  d ry  m agnesium  t u r n i n g s  ( 5 g . )  and i o d i n e  ( 0 . 5 g . )  w ere  
p l a c e d  i n  t h e  f l a s k ,  f o l lo w e d  by th e  a l c o h o l  (50-75cm  ) .
The m ix tu r e  was warmed u n t i l  t h e  i o d i n e  h ad  d i s a p p e a r e d ;  
i f  a  l i v e l y  e v o l u t i o n  o f  h y d ro g en  d id  n o t  s e t  i n ,  a  f u r t h e r  
q u a n t i t y  o f  i o d i n e  ( 0 . 5 g . )  was a d d e d .  H e a t in g  was c o n t in u e d  
u n t i l  a l l  t h e  magnesium was c o n v e r t e d  i n t o  e t h y l a t e .  The 
a l c o h o l  (900cm ) was t h e n  a d d ed , and t h e  m ix tu r e  was r e f l u x e d  
f o r  an  h o u r .  The a l c o h o l  was t h e n  d i s t i l l e d  o f f  and t h e  m id d le  
c o n s t a n t  b o i l i n g  f r a c t i o n  was c o l l e c t e d .  The c o m m erc ia l  
m e th a n o l  o f  h ig h  p u r i t y  ( j .B u r r o u g h s )  was d i s t i l l e d ,  and t h e n  
p a s s e d  th ro u g h  m o le c u l a r  s i e v e s  (4A) u s i n g  t h e  a p p a r a t u s  
shown i n  F i g . ( 1 0 . 1 ) .  The b o i l i n g  p o i n t s  o f  th e  a l c o h o l s  
a r e  g iv e n  be low .
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Alcohol b.p.(K) Litl^b.p. (K)
Methanol 337-337.5 337.5
Ethanol 351-351.4 351.3
1-Propanol 370 370.2
Chloroform,
Commercial chloroform (Pisons) was f ir s t  of a l l  
washed with water to remove the ethanol, dried with anhy­
drous potassium carbonate and calcium chloride, refluxed  
with anhydrous sodium sulphate and d is t i l le d .  The middle 
constant b o ilin g  fraction  (b .p .3 3 3 . 5- 334K/7 5 4 » L itl?^  
3 3 4 . 1K/760 ) was co llected  a fter  passing through a column 
of molecular sieves (4A), as shown in P ig .( lO .l) .
Nitromethane.
Commercial nitro methane (Pisons) V/as f ir s t  of a l l  
fraction a lly  d is t i l le d ,  and was co llected  a fter  passing  
through a column of molecular sieves (4A) (b .p . 373K/770; 
l i t ] ? 3 374.2/760).
Propylene carbonate.
Commercial propylene carbonate (BDH) of fair purity  
was fraction a lly  d is t i l le d  under reduced pressure and was 
co llected  a fter  passing through molecular sieves (4A) 
(b.p. 391-393K/35-40).
Ethyl oxalate.
Commercial ethyl oxalate (BDH) was fir s t  of a ll  
fraction a lly  d is t i l le d  under reduced jxressure and passed 
through molecular sieves (4A), and co llected  (b .p .353- 
355K/35-40) .
N-Methylpyrrolidone.
Commercial M-Methylpyrrolidone (Koch-Light Lab.) o f  
high purity was d is t i l le d  under reduced pressure and the 
middle constant b o ilin g  fraction  (b.p. 355-359K/30-35) 
a fter  passing through molecular sieves (4A) was co llec ted .
Carbon tetrach lorid e.
Analar grade carbon tetrachloride (BDH) was d is t i l le d  
using the apparatus described previously (F ig .(1 0 .1 )) . The 
middle constant b o ilin g  fraction  was co llected  (b .p .3 4 8 . 8-  
349K/762; L it1.^ 3 3 4 9 .75K/76O).
Dichloromethane.
Commercial dichloromethane (BDH) was f ir s t  of a l l  
fraction a lly  d is t i l le d  and was co llected  a fter  passing  
through a column of molecular s ieves (4A), (b .p .312.5- 
313K/742; L it!^3 3X2.75K/760).
1 ,1-Dichloro ethane.
Commercial 1 ,1-dichloroethane (Cambrain Chemicals) 
was f ir s t  of a ll  d is t i l le d .  The middle constant b o ilin g  
fraction  (b .p . 330K/757; l i t . 1?3 330.28K/760mm.) was 
collected  a fter  passing through a column o f molecular 
sieves (4A).
1 ,2-Dichloroethane.
Commercial 1,2-dich.loroethane (BDH) was f ir s t  of a ll  
fraction a lly  d is t i l le d ,  and passed through molecular sieves  
(4A), (b.p.355K/746; l i t ] ? 3 356.SK/76o).
111,1-Trichloro ethane.
Commercial 1 ,1 ,1 -trichloroethane (BDH) was f ir s t  of 
a ll fi'action ally  d is t i l le d  and passed through molecular 
sieves (4A), (b .p . 345K/748; L it1.?3 345K/760).
Toluene.
Commercial toluene (Pisons) was f ir s t  of a l l  frac­
tio n a lly  d is t i l le d  and was co llected  a fter  passing through 
molecular sieves (4A), (b .p. 383K/758; L itl/^  383.6K/760).
Bromobenzene.
Commercial bromobensene (BDH) was f ir s t  of a l l  
d is t i l le d  under reduced pressure and the middle constant 
b oilin g  fraction  (b.p. 317K/35-40) was co llected  a fte r  
passing through a column of molecular s iev es  (4A) .
Ethylene glycol.
Commercial ethylene glycol (BDH) was f ir s t  of a ll  
d is t i l le d  under reduced pressure and the middle constant 
b oilin g  fraction  (b.p.403K/35) was co llec ted .
1-Octanol.
Commercial 1-octanol (BDH) was f ir s t  of a l l  d is t i l le d  
under reduced pressure and the middle constant b o ilin g  
fraction  (b .p . 390-392K/40) was co llected .
n-Dibutyl ether.
Commercial n-dibutyl ether (BDH) was f ir s t  of a ll  
d is t i l le d  and the middle constant b o ilin g  frqction  (b .p .
411K/753; L it1.2,3 ifl5K/760).
B en zon itrile .
Commercial benzonitrile (Pisons) was f ir s t  of a l l  
d is t i l le d  under reduced pressure and the middle constant 
b oilin g  fraction  (b.p.395~396K/50) was co llec ted .
1 ,1 ,2 ,2 ,-Tetrachloroethane.
Commercial 1 ,1 ,2 ,2 -tetrachloroethane (Cambrain Chemi­
ca ls) was d is t i l le d  under nitrogen and passed through 
molecular sieves (4A). The middle constant b o ilin g  fraction  
(b .p . 416-417K/758; L it1.2,3 419.2K/760mm.) was co llec ted .
I t  was sta b ilised  by addition of (0.5-5%) nitromethane.
n-Butyl chloride.
Commercial n-butyl chloride (BDH) was f ir s t  of a ll  
shaken with anhydrous sodium carbonate and sodium sulphate. 
I t  was then f i lte r e d , fra ctio n a lly  d is t i l le d ,  and dried by 
passage through molecular sieves (4A), (b .p . 351K/765;
L it ] ? 3 351.W /760).
n-Hexane.
Commercial n-hexane (BDH) o f high purity was fraction ­
a lly  d is t i l le d ,  and dried by passage through molecular 
sieves (4A), (b .p .340. 1-341K/742; L it ] ? 3 341.7K/760).
Cyclohexane.
Commercial cyclohexane (BDH) o f high purity was frac­
t io n a lly  d is t i l le d ,  and dried by passage through molecular
12^
(4A), (b .p . 351.5K/738.5; L it'., 353.7K/760).
Formamide.
Commercial formamide (BDH) o f high purity was frac­
tio n a lly  d is t i l le d  under reduced pressiire and was co llec ted .
Dioxan.
Commercial dioxan (BDH) of high purity was d is t i l le d  
and the middle constant b o ilin g  fraction  (b .p . 373K/767; 
L it .1,23 374.IK/760) .
Ethylbenzoate.
Commercial ethylbenzoate (Fisons) was f ir s t  of a l l  
d is t i l le d  under reduced pressure and the middle constant 
b oilin g  fraction  was co llected  (b .p . 365-366K/35-40).
Diethyl ether.
Commercial d iethyl ether (BDH) was f ir s t  of a l l  
shaken with aqueous sulphuric acid several tim es, 
then washed with d is t i l le d  water, dried with anhydrous 
calcium sulphate and calcium chloride and d is t i l l e d .  The 
middle constant bo ilin g  fraction  was co llected  (b .p . 307K/ 
758; Lit1£3 307.4K/760mm. ) a fter  passage through a column 
of molecular sieves (4A)
T etrahydro furan.
Commercial tetrahydrofuran (Fisons) , (1 l i tr e )  was 
f ir s t  . placed into a 1 l i t r e  separating funnel f i t t e d  
to a (75-80cm) length column containing alumina (aluminium 
oxide "Camag” , M.F.C. Nutral Brockmann, a c t iv ity  1) joined  
to a 2 l i t r e  3~necked QQ flask  equipped with two taps fo r  
passing nitrogen in oi'der to flush  out the a ir  in sid e the 
f la sk . The tetrahydrofuran was passed down the alumina 
column very slowly. I t  was kept ovex* sodium wire overnight. 
I t  was then fraction a lly  d is t i l le d  (under n itrogen), the 
middle constant bo ilin g  fraction  (b .p . 338-338.5K/762; 
Lit.\23 339K/760mm. ) a fter  passing through molecular
sieves (4A) was co llected .
Acetone.
Analar grade acetone (BDH) was shaken with anhydrous 
calcium sulphate and potassium carbonate. I t  was then f i l ­
tered, d is t i l le d  and passed through a column o f molecular 
s ieves  (4A). The middle constant b o ilin g  fraation  (b.p. 
327.8-328fC/751; L it1.2,3 329K/760mm. ) was co lle c te d .
Dimethyl sulphoxide.
Commercial DMSO (BDH) was f ir s t  of a l l  shaken with 
CaO and d is t i l le d  at reduced pressure from fresh CaO with, 
a nitrogen bleed. The middle constant b o ilin g  fraction  
(b.p.349K/50-51mm.) was co llected  a fter  passing through 
molecular sieves (4A).
E thylacetate.
Commercial ethylacetate (Pisons) . was f ir s t  of a l l  
allowed to stand overnight over anhydrous sodium carbonate 
and anhydrous calcium chloride. I t  was then f i l t e r e d  and 
d is t i l le d .  The middle constant b o ilin g  fraction  (b .p . 349- 
349.2K/749; L i t l^  350 .IK/760) was co llected  a fte r  passing  
through molecular sieves (4A).
A ceton itr.il e .
Commercial a ce to n itr ile  (BDH) was heated under reflux  
with phosphorus pentoxide for an hour. This procedure was 
repeated with fresh phosphorus pentoxide several tim es, u n t il
the ^2^5 was no  ^ discoloured when i t  was added to the 
refluxing mixture. A ceton itrile  was then d is t i l le d  from 
fresh Po0c and anhydrous sodium carbonate. The middle
123constant boiling  fraction  (b .p . 354.5-354.8K/747; L it . ,  
354.6K/760) a fter  passing through molecular sieves (4A) 
was co llec ted .
Dimethylformamide.
Commercial LMF (BDH) was f ir s t  of a ll fraction a lly  
d is t i l le d  at reduced pressure. The middle constant b o ilin g  
fraction  (b .p . 323-324K/16-17) was co llected  a fter  passing 
through molecular sieves (4A).
Benzene.
Analar grade benzene (Fisons) was fraction a lly  d is ­
t i l l e d  and passed through molecular sieves (4A), (b .p .
351K/740;  M t i p  353K /760).
Chlo ro b en z en e .
Commercial chlorobenzene (BDH) was f ir s t  of a l l  frac­
t io n a lly  d is t i l le d  and dried by passage through molecular
123sieves (4A) (b .p . 403K/743; L it . ,  404.7K/76C)).
Nitrobenzene.
Commercial nitrobenzene (BDH) was shaken with anhydrous 
calcium chloride and calcium sulphate. I t  was then fraction ­
a lly  d is t i l le d  under reduced pressure over Ba.0, passed 
through molecular sieves (4A) and co llected  (b .p . 357- 
357.5K/65).
GENERAL PROCEDURE FOR KINETIC STUDIES. 
CHAPTER 11
KINETIC STUDIES ON THE MENSCHUTKIN REACTION.
11.1 The kinetic run.
The reaction between triethylam ine and ethyl iodide 
in d ifferen t solvents at various temperatures.
Stock solutions o f the two reactants with id en tica l 
in i t ia l  concentrations were made up at 298.15K using a 
thermostated bath with a tolerance o f + 0.12K. Solutions 
for the k in etic  runs were prepared from these "by d ilu tio n , 
also at 298 .15K. A ll solvents were purified as described 
b e f o r e .  (Chapter 10).
The in i t ia l  m olarities of the reactants were made up 
by weighing a known amount into a 100cm volumetric f la sk , 
and d ilu tin g  to near the mark with solvent under study.
The flask  was then l e f t  in a water bath at 298.-15K for an 
hour. The solutions were then made up to the mark with more 
solvent at 298.15K, and shaken to mix.
Equal volumes (generally 10cm':) o f the two reactant
3were then pipetted into a 25cm volumetric fla sk  as the
reaction v e sse l. A stop watch was started when h a lf  o f the
contents of the second p ipette had been added. The reaction
3mixture was shaken and aliquots (generally 1cm.) were removed 
at various in tervals of time, depending on the temperature 
and v e lo c ity  of the reaction under study.
Each aliquot was added to d is t i l le d  water in  a con ical 
flask  standing in an ice-bath , to quench the reaction , and 
the solution  titra ted  with 0.05N standard n itr ic  acid so lu ­
tion . The indicator was methyl red which gave a colour 
change from yellow to red. A 5cm microburette was used for
the t itr a t io n , and a burette reader was used to read the 
burette accurately.
The reaction mixtures were always equimolar in the two 
reactants. The d iffer en tia l rate law is  then
|§  = k2(a -x )2 (11-1)
The corresponding in tegral form i s
V  = ■ ■ (11-2)a(a~x)
so the sim plified  second order k in etic  equation was used
k 2 t  =   —  -    ( 1 1 - 3 )
(a~x) a
In equation (1 1 -3  )> k  ^ i s  the second order rate constant,
a is the in i t ia l  concentration o f reactants, and x isth e  amount 
reacted a fter  time t .
In a lcohols, ethyl acetate, acetone and dimethylforma- 
mide the product sa lt  precip itated  out during the course o f  
reaction , but the rate constant calculated from data up to 
the time of precip itation  was id en tica l to that calculated  
from data to la ter  reaction tim es.
A value o f a was obtained, in each. run, from an in i t ia l
t i t r e  at zero time (t^ O ). This value o f a was very near 
to the value obtained from the weights o f reactants used to 
make up the so lu tion , but i f  i t  did not quite agree, th is  
titr im etr ic  value was used in the subsequent ca lcu lation . 
For each k in etic  run the values of l^ t  (about 12 -  15 
points) were p lotted  against values o f time tv In general 
excellent stra igh t lin e s  were obtained and k  ^ was obtained 
from the slope o f the straight lin e  using le a s t  square 
method, which i s  a s ta t i s t ic a l  method for f i t t in g  the best 
straight lin e  to a se t o f points that are supposed to be 
lin ea r ly  re la ted . In generalised notation, the formula for  
a straight lin e  is
The slope o f the lin e  corresponds to k^, y to values o f k^t, 
x to values o f time, and n i s  the intercept on the y axis  
The values o f m and n were calculated using the follow ing
y = mx + n (11-4)
equations
m 2Xi yi  ~ 2Xi s y i^N (11-5)_ 2 _ _ _ --------2Xi  -  ( ^x±) /N
n ^y/N - m^x/N (11-6)
Here N i s  the number o f data points, usually (12 -  15) and 
(xi ,y i)  are corrdi na‘tes ' the  ith  point.
Values o f rate constants, k^, and the average values 
o f the rate constant k^  from (3 -  5) k in etic  runs in  
each case together with the variance ( y % ■= 100 o'/k^ , 
i s  the standard deviation and k^  i s  the mean value) are 
in  the follow ing pages.
A ll rate constants are uncorrected for solvent expansion 
or contraction from 298,15K ( i . e .  the mean value o f  ^  (un­
corrected for solvent expansion) for example, in  1-propanol 
i s  23.228x10~^l.mol~^h~^ at 343 .15K while the so lu tions  
were made up at 298 .15K, Hence the 45 degree r is e  in  tempe­
rature causes the solvent to expand, and therefore the 
actual concentrations are lower than the nominal va lu es).
Table(1.1).
Et,N + EtX in 1-PrOH at 298.15K
-1I n it ia l  concentration at 298 .15K, a = 0«4mol.l
Time
h.
Titre
cm3
(a-x)
moll~*^
1 / (a-x) 
l.mol"^
k9t
“1
l c I B O l
x9*103 
" l.mol~ h*
31 7.38 0.369 2.710 0.210 6.77
54 6.90 0.345 2.899 0.399 7.38
72.5 6.36 0.318 3.145 0.645 8.89
96 6.02 0.301 3.322 0.822 8.56
144 5.30 0.265 3.774 1.274 8.84
151.5 5.34 0.267 3.7 45 1.245 8.82
173 5.10 0.255 3.922 1 . 422 8.22
198 4.86 . 0.243 4.115 1.615 8.16
222 4.64 0.232 4.310 1.810 8.15
246 4.48 0.224 4.464 1.964 7.98
309 4.05 0.202 4.938 2.438 7.89
384 3.62 0.181 5.525 3.025 7.88
431 3.50 0.175 5.714 3.214 7.45
The values of k^t were plotted  against values o f t*
. ‘ . These values of k^t and t  were then fed into
program CK21 (see Appendix) to give the follow ing re su lts :
Slope (l.mol“ h-1 ) 7.58x10-3
Intercept (l.m o l/'h  T) ■ 0.081
Standard deviation of slope 16x10 ■ ■
Correlation co e ffic ien t 0.99745
11.2 Calculation of activation parameters.
1i.2 .A . Activation energy (E^.)«.
The rate constant and the activation  energy are related  
to each other according to the Arrhenius equation
' T.
k0 = Aexp(-E/RT.) (11-7)c. a jl
^ i  - 1 - 1Here i s  the second order rate constant in  l.m ol s
at temperature T. f A i s  a constant which i s  usually  known
- 1 - 1as the frequency factor for the reaction , in  l.m ol s ,
-1and E i s  the Arrhenius activation  energy in cal.mol a
T^  i s  the temperature in  degrees absolute (Kelvin, T^  =
273.15 + °C ) and R i s  the universal gas constant (R =
1.9872cal.deg"1mol"1) .
The activation  energy, E , and frequency factor A* a
v/ere calculated by the le a s t  squares method, from the mean 
value o f rate constants at fiv e  d ifferen t temperatures 
(278.15, 288.15, 298.15, 308.15, 318 .15K).
Equation (11-7) can be written in  another form:
T. E
In k^1 = In A - — (11-8)
' ■ i
Therefore a p lot of In k^  against w ill  be a stra igh t
lin e  with slope o f -E /R and intercept equal to In A. Thea
enthalpy of activation  was calculated from the equation
AH4 = E - RT. (11-9)a i
where T^  was taken as 298.15K.
A ll solutions for the k in etic  runs were made up at
298.15K, and the rate constants at d ifferen t temperatures
calculated in  th is  work are a l l  uncorrected (except at 2 9 8 .15K)
for solvent expansion or contraction. The values o f E anda
AH as calculated above thus re fer  to e ith er  the molal 
scale or to the mol fraction  sca le . To obtain E and AH
EL
in  molar terms equation (11-10) was used
El  = Ea + H (11-10)
c XIn th is  equation E and E refer  to the molar and mola a
fraction  sca les resp ectively , and H i s  calcu lated  as fo llow s:
±x T„T. k*-'j!
= R ra-fl In •—— - (11-11)
2 1
±c T.T.
AH = R l f l n - f - l  ( 1 1 - 1 2 )
2 A1 1C- 'J'
, x ,c 1000 p , , „k = k * -------------------------------------------- (11-13)
M
Then by substitu ting  kX in equation (11-11) by ( 11-13) 
and subtracting equation (11-11) from equation ( 11—12)
H w ill  be obtained.
* c *x PiAH - AH -  406631og
(11-14)
Here T^  and were taken as 293.15K and 303.15K respec­
t iv e ly , py and p 2 are the corresponding density o f 
the solvent at these temperatures and M is  the solvent 
molecular weight.
11.2 .B. Activation free energy ( A G)
The activation  free energy was calculated from the 
equation
T. kT. ,
k9 = — i  exp(-AGVRT.) (11-15)
 ^ h ■
, kT . T.
AG = 2 .3026RT .lo g lri — i  -  2 .3026R T .log.-k*
i  h 1 ^
(11-16)
— — — 1 ft —1here k i s  the Boltzman's constant (k = 1.38053x10*" erg*K~ )
—2*7and h i s  Planck’s constant (h = 6.626196x10 e r g .s . ) .  The 
sim plified  form of equation (11-16) a fter  su b stitu tin g  the 
values o f h and k is
. V: ' T.
A G = 17453 -  ^ G A ^ logk p 1 (11-17)
— 1 —1 4Using k2 in l.m ol s then AG on the usual molar sca le
is  obtained. To calcu late AG* on the mol fraction  sca le  
in unites of mol fraction  s equation (11-13) was used 
where p and M denote the density o f the solvent at 298 .15K 
and molecular weight of the solvent resp ectively .
11.2.C. Entropy of activation (A S*)
This quantity was calculated from the equation
AG* = AH* - Ti A S* . (11.18)
where T^  was taken as 298.15K.
iI f  AH and AG are on the mol fraction  or molar
isca le , then AS i s  also on the mol fraction  or molar 
sca le .
11 .2 .D. Calculation of errors in  the rate constant and 
activation  parameters.
The standard deviation, O’ , for the rate constant i s
%
1 A ncalculated from equation.
o' =
n-1
(11-19)
where k  ^ i s  the value o f the rate constant from the ith  
run and k i s  the mean o f n values o f k . .  5c i s  calcu latedl
from equation
2 k .
k =  i  (11-20)n
The standard deviations of the activa tion  parameters
■1 A Oare calculated from equations
RT T
crfAE^) = o ( A H * )  = — X J. .
(T ,-T .)3 1
<?( ae+)
I f  Si + _£a_)22  ^ T . T .k 1 k 3
-i i,
(11-22)
CT(AS ) =    . (11-23)
T.l
T± T .
Here k and k are the rate constants at temperatures
T. and T. , and 0>. and O ',  are th eir  corresponding x 3 i  0
standard deviations.
T. T .
In the present work i t  was assumed that O'^ /k 1 = *
equation ( 11-22) may then he written as
RT.S .(2) _
t f (AE' t ) = cr(AHT) = — ---------- . —
(T ,-T .) k '
0 1  (11-24)
Equation (11-24) was used to calcu late the standard deviation
in AH* ; T. and T. are the lowest (278 .15K) * and highest«J
(318.5K) values o f the temperatures used.
The value o f cf/k for each reaction was obtained as 
fo llow s. The value o f or/  ^ at each temperature was calculated  
and then the average of (T/k values at d ifferen t tempei*atures 
was taken as the value o f cf/k for the reaction .
The sim plified  formulas which were used in the present 
work are as follow s:
<?(AG*) = 592.5(v.10“2) (11-25)
-  CL?X. -
<5( AH4) = 6217.3823(v-10-2 ) (11-26)
C5( AS*) = '<?( AE*)/298.15 (11-27)
In these, equations and T /  are taken as 278 .15K and 
318.15K resp ectively , and v is  the mean value o f the 
variances o f at d ifferen t temperatures.
11.3. Results o f the k in etic  studies on the reaction  between 
triethylam ine and ethyl iodide in  various so lvents at 
d ifferen t temperatures.
In the following tab les are shown the values o f rate
- 1 - 1constants at d ifferen t temperatures in l.m ol h and 
- 1 - 1l.m ol s , the mean values of the rate constants which 
were calculated by using equation (11-19) and the variances 
in  k^.
Table(11-10) l i s t s  the activation  parameters, and 
Table(l1-11) shows the values o f the rate constants and 
some activation  parameters which have been obtained by 
other workers.
<J( AE4) =
cr( A s4 ) =
T a b l e ( l 1 . 2 )  Summary of rate constants for the reaction
Et^N + EtI in  acetone at various temperatures
a = 0 .4molel~^
T k.104 k.104 V
No.
°K -1 -1l.m ol h - 1  - 1  l.m ol h %
1 278.15 548
2 ii 543 546 1
3 288.15 1286
4 n 1240 1263 2
5 298.15 2201
6 ii 2176
7 n 2457
8 it 2275 2277 5
9 308.15 4178
10 ti 3996
11 ii 4066 4080 2
1 2 318.15 7234
13 it 7929 7581 6
As a s ta r t , the reaction in  acetone was studied, since  
several workers have investigated  th is  before. The present 
resu lts  can then be compared with previous r e su lts  (see. 
Table(11 .11 )).
Table(11.3) Summary of rate constants for the reaction
Et^N + EtI in a ce to n itr ile  at various temperatures 
-1a = 0 .4m ol.l
0?.; k .104 k.104 V
No.
°K - 1 - 1  l.m ol h -1 -1 l.m ol h 1 %
1 278.15 1800
2 n 2021.
3 « 2052 1957 7
.4 288.15 ■ 3950
5 ii 4000
6 ii 4324 4091 5
7 298.15 8743
8 ii 8106
9 ii 8379 8409 4
10 308.15 17445
11 ii 18685
12 ii 18277 18135 3
13 318.15 32711
14 »* 31842 32276 2
Table(11.4) Summary o f rate constants for the reaction
Et^N + EtI in 1-propanol at various temperatures
a = (0-.2 -  Q . 4 ) m o l* l ~ V
No.
T k.104 * k .104 v
°K l.m ol~1h~1 l.m ol~1h*~1 %
1 278.15 11*
2 •» 7
3 11 7 7 2
4 288.15 22
5 11 23
6 11 25 23 6
7 298.15 78
8 « 76
9 " 73 75 3
10 308.15 232
11 « 233
12 " 231 232 0
13 318.15 658
14 " 694
15 1 654 669 3
* This value o f k was not used to calcu late the mean 
value o f rate constant.
Table(11.5) Summary of rate constants for the reaction  
Et N^ + EtI in  ethyl aceta te .
— ia = (0.1 -  0.2)  m ol.l.
No
T k.104 ic.104 v
°K l.m ol"1h-1 l.m ol-1h-1 %
1 278.15 77
2 "  78
3 " 75 76 2
4 288.15 150
5 " 147
6 " 150 149 1
7 298.15 297
8 "  287
9 " 285 290 2
10 308.15 590
11 " 609 599 2
12 318.15 1153
13 " 1200
14 11 1138 1164 3
Some d if f ic u lt ie s  were found with th is  solvent as 
follow s:
Ethyl acetate i s  hydrolysed when aliquots are removed 
and added to d is t i l le d  water in a conical flask  standing 
in an ice-bath in order to quench the reaction.
CH^ COOCqH,- + Ho0 CH^ COOH '+ CoIir0H5  ^ b 2 ^  5  ^ 5
The acetic  acid produced therefore neutralised the tr ie th y l-  
amine and leads to an incorrect value for the acid t itr a tio n ;  
thus the volume o f n itr ic  acid required to n eu tralise  the 
triethylam ine i s  le s s  than the real volume. To reduce th is  
error as much as p ossib le , i t  was decided that:
(a) The time taken for a l l  t itr a tio n s  must be nearly the same 
and the t itr a tio n  must be done rapidly.
(b) I t  would be much b etter i f  the observed in i t ia l  concen­
tration  (removing aliquots at zero time, t itr a t in g  and 
calcu lating a = vac-^ x = in i t ia l  concentration)
should be used in order to calcu late the rate constants 
rather than the calculated in i t ia l  concentration from 
the weight of triethylam ine.
These observed in i t ia l  concentrations were as fo llow s, 
Table(11.6)
Table(11.6) T itrim etric values and 1 weight” values o f  
in i t ia l  concentration o f triethylam ine (a) 
in ethyl aceta te .
T (K) ot i t r e  weight
a  a
(inol.l ) (mol. I - "*)
278.15 0.190 0.200
288.15 0.190 0.200
298.15 0.093 0.100
308.15 0.190 0.200
318.15 0.092 0.100
Tat>le(11.7) Summary o f rate constants for the reaction
+  EtI in ethanol at various temperatures
a = (0*2 -  0 .4 )mo1*1“^
T k.104 k.104 V
No.
°K i..mol"1h"1 >
1 278.15 10
2 « 10
3 u 10 10 3
4 288.15 35
5 it 35
6 35 35 0
7 298.15 117
8 ii 113
9 ii 117 116 2
10 308.15 330
11 it 330
12 it 330 330 0
13 318.15 964
14 n 912
15 it 995 957 4
Table(11.8) Summary of rate constants for the reaction
temperatures.
~1a = 0.1 m ol.l
No. T k.104 k.104
V
°K - 1 - 1  l.m ol h l.mol~^h 1 %
1 278.15 43
2 « 44
3 u 42 43 2
4 288.15 85
5 it 92
6 ii 98
7 h 94 95 3
8 298.15
■X*216
9 ii 212
10 ii 213
11 -  ii 205
12 it 192 207 4
13 308.15 419
14 ie 436
15 n 456
16 « 451 441 4
17 318.15 834
18 it 824 829 1
* th is  value o f k was not used to calcu late the mean 
value o f rate constant (k)
A matter which must be considered in dimethylformamide 
i s  as follow s:
Small amounts of free iodine were liberated  from the 
stock ethyl iodide solu tions and i t s  colour changed from 
colourless to brownish* The causes o f th is  were found to 
be as follow s:
( i )  Existence o f im purities in the solvent even in  the 
commercial products o f high purity (Analar).
( i i )  Light.
( i i i )  A ir.
The volumetric fla sk  (stock v esse l) was covered by 
aluminium f o i l  and nitrogen was passed through i t  to replace 
the a ir . Under these conditions, no lib eration  o f iodine 
was observed. The observed in it ia l  concentrations shown in Table 
(11.9) were used to calculate the rate constant.
Table(11.9) The th eoretica l (weighed) values and observed
( t it r e )  values (at zero time) of triethylam ine
-1concentration in dimethylformamide in mol.l at 
various temperatures.
No T (K) aweight at i t r e
1
2
3
4
5
278.15
288.15
298.15
308.15
318.15
0 . 1
0.05
0.05
0 . 1
0 . 1
0.0975
0.0475
0.0475
0 .0 9 6 0
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11*4 R e a c t io n  between t r i e t h y l a m i n e  and e t h y l  i o d i d e  i n
w a t e r  a t  v a r i o u s  t e m p e r a t u r e s .
S to c k  s o l u t i o n s  o f  t h e  two r e a c t a n t s  w ere  made up  a t  
2 9 8 .15K and  w ere  t h e n  u s e d  f o r  t h e  r u n s  a t  d i f f e r e n t  tem ­
p e r a t u r e s  * The p r o c e d u re  a d o p te d  was a s  d e s c r i b e d  b e f o r e  
( s e c t i o n  1 1 •1 )  •
The v a l u e s  o f  r a t e  c o n s t a n t s  i n  T a b le ( 1 1 .1 2 )  a r e  t h e  
e x t r a p o l a t e d  v a l u e s  o f  r a t e  c o n s t a n t s  o b t a i n e d  f o r  e a c h  r u n  
a t  z e ro  t im e  o b t a i n e d  by  L a g r a n g e .^^4  m ethod u s i n g  e q u a t io n
y n  = y 1
y 2
X - x 0 X - x ,  X -X  , X - xn 2 n 3 , n 4 n  r
X1~x2 X1~x 3 X1"x 4 * ° X1 " ^ r 1
x  - x . x  -x „  x  ~ x /  x  - xn  1 # n  3 n  4 n  r
x2-x1 V x3 ' x2“x4 x2-44j
t o  a  t o t a l  o f  r  t e r m s .
The v a l u e s  o f  v a r i a n c e s  (v%) i n  T a b le  ( 1 1 .1 2 )  show t h a t  
t h e r e  i s  much e x p e r im e n ta l  e r r o r  i n  w a t e r .  T h i s  c o u ld  be 
due to  t h e  f o l l o w i n g  r e a s o n s :
( i )  The v e r y  low  s o l u b i l i t y  o f  r e a c t a n t s  i n  w a t e r ,  w h ich  
.c a u se s  t h e  r e a c t i o n  to  t a k e  p l a c e  v e r y  s lo w ly ;  i t  
was f o l lo w e d  f o r  a b o u t  4 2 6 8 h r s .  a t  2 9 8 .1 5K.
( i i )  B o th  r e a c t a n t s  can  e v a p o r a t e  from  t h e  s o l u t i o n s ,  
e s p e c i a l l y  a t  h i g h e r  t e m p e r a t u r e s ,  3 0 8 .1 5  and  3 1 8 . 15K.
To re d u c e  t h e  e r r o r s  t h e  c o n c e n t r a t i o n s  o f  r e a c t a n t s  w ere
— 1ta k e n  a s  low  a s  p o s s i b l e  ( a ~ 0 .0 2 in o l . l~  ) .
The a c t i v a t i o n  p a r a m e te r s  w hich  we.re o b t a i n e d  from  t h i s  
work a r e  l i s t e d  i n  T a b l e ( 1 1 .1 1 ) .
T a b l e ( l 1 .1 2 )  Summary o f  r a t e  c o n s t a n t s  f o r  t h e  r e a c t i o n  
E t^ N + E t I  i n  w a te r  a t  v a r i o u s  t e m p e r a t u r e s
a  = 0 .0 2  m o l . l ” ^
No. T k .1 0 5 E .1 0 5 V
°K l .m o l~ ^ h ~ ^  l . m o l “^ h ” 1 %
1 278.1-5 4
2 w 3
3 11 5 4 28
4 2 8 8 .1 3  19
5 " 11
6 " 16 15 26
7 2 9 8 .1 5  66
8 >  57
9 11 106 76 34
10 3 0 8 .1 5  101
11 « 55
12 " 65 57* 84
13 3 1 8 .1 5  184
14 " 78
15 ” 220 161* 46
* T hese  v a l u e s  o f  r a t e  c o n s t a n t s  w ere  n o t  u s e d  i n  o r d e r  
to  c a l c u l a t e  t h e  s lo p e  o f  t h e  A r r h e n iu s  p l o t ,  b e c a u s e  
t h e y  a r e  c l e a r l y  n o t  c o r r e c t .
CHAPTER 12
CALORIMETRY
12.1 D e s c r i p t i o n  o f  a p p a r a t u s .
C a l o r i m e t r i c  m easu rem en ts  w ere  made w i th  two c a l o r i m e t e r s
3 145( c a p a c i t y  100cm ) ,  b o th  b a se d  on d e s i g n s  by S u n n e r  and W adso.
The c a l o r i m e t e r s , and t h e i r  mode o f  o p e r a t i o n ,  h a v e  b e en
14-6 d e s c r i b e d .
I .  A commercial ty p e  o f  c a l o r i m e t e r  fL K B -8 7 0 0 -P re c is io n
14-7C a lo r im e te r .*  ■ -
I I .  A c a l o r i m e t e r  c o n s t r u c t e d  by D r .R .A .S c h u lz ,  C h e m is t ry  
D e p a r tm e n t ,  U n i v e r s i t y  o f  S u r r e y .
B o th  c a l o r i m e t e r s  a r e  o f  t h e  i s o t h e r m a l - e n v i r o n m e n t  o r
11 i s o p e r i b o l ” t y p e .
12 ° 1 .A G e n e ra l  c a l o r i m e t r y .
Am poules -  Two t y p e s  o f  c y l i n d r i c a l  g l a s s  am po u les  w i t h  v e r y
3
t h i n  e n d s ,  volum e 1cm w ere b low n i n  a  s p e c i a l  mould 
d e p e n d in g  on  t h e  n a t u r e  o f  t h e  s o l v e n t .
( i )  Long n ecked  am poules  f o r  f la m e  s e a l i n g .
( i i )  S h o r t  n e c k e d ,  and s l i g h t l y  coned to  a c c e p t  a  s h o r t  
p lu g  o f  n e o p re n e .
1 2 .1 .B .  P r o c e d u r e .
B e fo re  s t a r t i n g  a  c a l o r i m e t r i c  e x p e r im e n t ,  t h e  g l a s s  
r e a c t i o n  v e s s e l  was c le a n e d  and d r i e d ,  r e a d y  f o r  u s e .
The amount o f  s o l u t e  was a c c u r a t e l y  w eighed- i n t o  t h e  
ampoule by a  se m i-m ic ro  ( t o  5 d e c im a l  p l a c e s )  b a l a n c e ,
and c a r e  was t a k e n  to  a v o id  m a t e r i a l  b e in g  r e t a i n e d  i n  t h e  
i n l e t  t u b e .  S e a l i n g  o f  m ost o f  t h e  am poules  o f  ty p e  ( i i )  was 
s t r a i g h t  f o r w a r d ,  b u t  f o r  t h o s e  o f  t y p e  ( i ) ,  t h e  am poule  was 
m ounted h o r i z o n t a l l y  i n  a  s m a l l  b l o c k ,  c o o le d  by  c i r c u l a t i n g  
w a t e r ,  and t h e  s h a f t  s e a l e d  v e r y  c l o s e  to  t h e  b u l b  w a l l  w i th  
a  f i n e  o x y -g a s  f l a m e .
I n  s e a l i n g  t h o s e  o f  ty p e  ( i ) ,  e x c e s s i v e  h e a t  c o u ld  c a u s e  
t h e  am poule  to  s h a t t e r  (e x p lo d e  o r  im p lo d e ) ,  o r  w i t h  b a d ly  
f i l l e d  a m p o u le s ,  s i g n i f i c a n t  d e c o m p o s i t io n  o f  t h e  s o l u t e  was 
l i k e l y  to  o c c u r .
The o r g a n i c  s o l v e n t s  were t r a n s f e r r e d  to  t h e  r e a c t i o n  
v e s s e l  by u s e  o f  t h e  s p e c i a l  a p p a r a t u s ,  P i g . ( 1 2 . 1 ) .The a d v a n ­
ta g e  o f  t h i s  a p p a r a t u s  i s  t h a t  any  c o n t a c t  b e tw e e n  s o l v e n t  
and a i r  i s  a v o id e d .
The am poule  a f t e r  c h a r g in g  w i th  s o l u t e  a n d  s e a l i n g  was 
c a r e f u l l y  p l a c e d  i n  t h e  g o ld  s t i r r e r  c la w , p l a c e d  i n t o  t h e  
r e a c t i o n  v e s s e l ,  i t s  t e m p e r a tu r e  b r o u g h t  to  j u s t  u n d e r  
2 9 8 . 15K by an  a i r  b lo w e r ,  and t h e  c a l o r i m e t e r  t h e n  a s s e m b le d .
The c a l o r i m e t e r  a sse m b ly  was im m ersed i n  t h e  w a t e r  b a t h ,  and  
th e  r e a c t i o n  v e s s e l  t e m p e r a tu r e  was a d j u s t e d  t o  j u s t  b e lo w  
t h e  r e q u i r e d  s t a r t - p o i n t .  The sy s te m  was th e n  a l lo w e d  to  
e q u i l i b r a t e  f o r  a b o u t  tw e n ty  m in u te s .  The b r i d g e  was s e t  
s l i g h t l y  o f f - b a l a n c e ,  and when, due to  t h e  r i s e  i n  t e m p e r a t u r e ,  
t h e  b r i d g e  r e a c h e d  b a l a n c e ,  t h e  s to p w a tc h  was s t a r t e d .  A
c e r t a i n  r e s i s t a n c e  in c r e m e n t ,  u s u a l l y  0 .0 1  -  0 .0 2  ohm s, was . 
t h e n  a p p l i e d  to  s e t  t h e  b r id g e  o f f - b a l a n c e  a g a i n .  When t h e  
b r i d g e  r e t u r n e d  to  b a l a n c e ,  t h e  t im e  was t a k e n  and  t h e  p r o c e d u r e
4 t, ;.'V ..:. ’  t: ..
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r e p e a t e d .  T h is  was c a r r i e d  on d u r in g  a  p r e - r e a c t i o n  p e r i o d  
( f o r e - p e r i o d )  o f  4 -  5 m in u te s .  A t a  p r e - s e l e c t e d  t im e ,  t ^  , 
t h e  s t i r r e r  s h a f t  was lo w e re d ,  and t h e  am poule  was b ro k e n  
to  i n i t i a t e  t h e  r e a c t i o n .  A num ber o f  r e s i s t a n c e / t i m e  r e a d i n g s  
w ere  t a k e n  d u r in g  t h e  m ain  p e r i o d  (b  -  c ,  F i g . ( 1 2 .2  ) )  
t h i s  depended  on  t h e  r a t e  o f  r e a c t i o n .  The p o s t - r e a c t i o n  
p e r i o d  ( a f t e r - p e r i o d )  was t r e a t e d  i n  t h e  same way a s  t h e  
f o r e - p e r i o d  and a  c u rv e  show ing  t h e  t h e r m i s t o r  r e s i s t a n c e  
a s  a  f u n c t i o n  o f  t im e ,  was p l o t t e d .
F o r  an  e x o th e rm ic  p r o c e s s ,  t h e  p r o d u c t s  o f  t h e  r e a c t i o n  
w ere c o o le d  to  t h e  i n i t i a l  t e m p e r a t u r e .
I n  r e a c t i o n  c a l o r i m e t r y  i t  i s  u s u a l  to  p e r f o r m  e l e c t r i c a l  
c a l i b r a t i o n  e x p e r im e n ts  i n  c o n n e c t io n  w i th  e a c h  e x p e r i m e n t a l  
s e r i e s .  I n  o r d e r  to  o b t a i n  t h e  h i g h e s t  a c c u r a c y ,  c a l i b r a t i o n  
e x p e r im e n ts  m ust be made f o r  eac h  r e a c t i o n  r u n .  The c a l i b r a ­
t i o n  e x p e r im e n ts  may be p e rfo rm e d  b e f o r e  o r  a f t e r  t h e  p r o c e s s  
h a s  t a k e n  p l a c e .  I t  s h o u ld  how ever be n o te d  t h a t  t h e  o b t a i n e d  
e v a l u e s  ( s  i s  t h e  h e a t  c a p a c i t y  o f  t h e  c a l o r i m e t e r )  a r e  
n o t  q u i t e  i d e n t i c a l .  I f  t h e  c a l i b r a t i o n  e x p e r im e n t  i s  made 
b e f o r e  t h e  I 'e a c t i o n  h a s  t a k e n  p l a c e  t h e  o b t a i n e d 8 v a l u e s  
w i l l  r e f e r  to  t h e  i s o t h e r m a l  p r o c e s s  a t  t h e  f i n a l  t e m p e r a t u r e  
o f  t h e  e x p e r im e n t .  (T h e - t e m p e r a t u r e  r a n g e  o f  b o th  c a l i b r a t i o n  
and r e a c t i o n  e x p e r im e n ts  sh o u ld  p r e f e r a b l y  b e  n e a r l y  t h e  same.
In  a c c u r a t e  work t h e  d i f f e r e n c e  s h o u ld  n o t  e x c e e d  a  few . 
h u n d r e d th s  o f  a  d e g r e e ,  u n l e s s  s e p a r a t e  c o r r e c t i o n s  a r e  a p p l i e d )
I f  t h e  c a l i b r a t i o n  e x p e r im e n t  i s  p e rfo rm ed  on t h e  p r o d u c t  
sy s te m  th e  e v a lu e  w i l l  r e f e r  to  t h e  s t a r t i n g  t e m p e r a t u r e  
o f  t h e  e x p e r im e n t s .  I n  t h e  p r e s e n t  work e l e c t r i c a l  c a l i b r a ­
t i o n  was c a r r i e d  o u t  on t h e  p r o d u c t .
F o r  t h o s e  e x p e r im e n ts  i n  w hich  a  c h a r t  r e c o r d e r  was u s e d ,  
o p e r a t i n g  r a n g e s  ( s e n s i t i v i t y )  f o r  b o th  t h e  e l e c t r i c  g a lv a n o ­
m e te r  and r e c o r d e r  w ere c h o se n  so t h a t  t h e  c o m b in a t io n  would 
g iv e  an  a d e q u a te  d i s p l a c e m e n t  on  t h e  c h a r t ,  c o r r e s p o n d i n g  to  
A T , w i th o u t  e x c e s s i v e  n o i s e  on t h e  t r a c e .  P r i o r  to  a  r u n ,  
t h e  pen  was s u i t a b l y  p o s i t i o n e d  on  t h e  c h a r t  and t h e  r e a c t i o n  
p r o f i l e  r e c o r d e d  d i r e c t l y .  The c a l i b r a t i o n  was r e c o r d e d  u n d e r  
i d e n t i c a l  c o n d i t i o n s  so t h a t  a  s im p le  c o m p a r iso n  c o u ld  be  made.
T y p ic a l  r e s i s t a n c e / t i m e  c u rv e s  f o r  an  e x o th e rm ic  r e a c ­
t i o n  and c a l i b r a t i o n  a r e  i l l u s t r a t e d  i n  F i g s . ( 1 2 .2 )  and 
( 1 2 .3 )  w hich  h av e  b een  c a r r i e d  o u t  w i t h  c a l o r i m e t e r  ty p e  I I .
I n  t h e  r e a c t i o n  c u r v e ,  ab  and cd r e p r e s e n t  t h e  h e a t  
exchange  p r o p e r t i e s  o f  t h e  c a l o r i m e t e r  b e f o r e  and  a f t e r  t h e  
r e a c t i o n  b e .
ATR
ra
t  ( s )
F ig * (1 2 .2 )  Resistance*-tim e p l o t  f o r  an exo therm ic  r e a c t i o n .
R<*■) AT
Rf
t  (s )
F ig # (1 2 ,3 )  R e s is ta n c e - t im e  p lo t  f o r  a  c a l i b r a t i o n .
12 .2  Enthalpy  change c a l c u l a t e d  from a c a l o r i m e t r i c  e x p e r im e n t .
An a c c u r a t e  c a l o r i m e t r i c  d e t e r m i n a t i o n  o f  an  e n th a lp y  
change  i s  by i t s  n a t u r e  a lw ay s  c o m p a r a t iv e ,  th e  h e a t  e f f e c t  
o b s e rv e d  a t  t h e  t im e  o f  t h e  r e a c t i o n  e x p e r im e n t  b e in g  com pared 
w i th  t h a t  o b s e r v e d  when a  known amount o f  h e a t  i s  e v o lv e d  i n  
t h e  same c a l o r i m e t r i c  s y s te m .  T h is  co m p ar iso n  e x p e r im e n t ,  
t h e  11 c a l i b r a t i o n ’1 e x p e r im e n t ,  can  be p e rfo rm e d  b e f o r e  o r  a f t e r  
r e a c t i o n  h a s  t a k e n  p l a c e .  I n  a c c u r a t e  r e a c t i o n  c a l o r i m e t r y ,  
t h e  c a l i b r a t i o n  e n e rg y  i s  a lw ay s  s u p p l i e d  by e l e c t r i c a l  
h e a t i n g .
I d e a l l y  th e  r e a c t i o n  and t h e  c a l i b r a t i o n  e x p e r im e n ts  
sh o u ld  g iv e  i d e n t i c a l  r e s i s t a n c e ,  t e m p e r a t u r e / t i m e  c u r v e s ,  
i n  w hich  c a s e  o b v i o u s l y  th e  two h e a t  q u a n t i t i e s  i n v o lv e d  
m ust be i d e n t i c a l .  How ever, i n  p r a c t i c e ,  i t  i s  u s u a l l y  n o t  
p o s s i b l e  to  g e t  t h e  h e a t  .inpu t i n  t h e  c a l i b r a t i o n  e x p e r im e n t  
to  f o l l o w  e x a c t l y  t h e  same c u rv e  a s  t h a t  i n  t h e  r e a c t i o n  
e x p e r im e n t .  I n s t e a d  one  makes u s e  o f  a  p r o p o r t i o n a l i t y  f a c t o r ,  
t h e  11 c a l i b r a t i o n ” e ( h e a t  c a p a c i t y  o f  t h e  c a l o r i m e t r i c  
s y s t e m ) •
S in c e  two t y p e s  o f  c a l o r i m e t e r s  w ere  u se d  i n  t h i s  w ork ,
so t h e  e n th a lp y  change ( Ah0 ) f o r  t h e  s t u d i e d  p r o c e s s  wass
c a l c u l a t e d  by u s i n g  s l i g h t l y  d i f f e r e n t  e q u a t io n s  (b a s e d  on 
th e  same c o n c e p t ) ;  t h e y  a r e  d e s c r i b e d  a s  f o l l o w s .
12 .2  ..A. Type I  (LKB).
The t o t a l  q u a n t i t y  o f  h e a t ,  Q , i n v o lv e d  i n  an e x p e r i ­
m e n ta l  ru n  i s  g iv e n  by
q = s.© ( 1 2 - 1 )
w here  £ i s  t h e  h e a t  q u a n t i t y  o f  t h e  c a l o r i m e t e r  and  i t s  
c o n t e n t s  and i s  d e f i n e d  a s  t h e  q u a n t i t y  o f  h e a t  r e q u i r e d  to  
r a i s e  i t s  t e m p e r a tu r e  by one d e g r e e ,  © i s  t h e  c o r r e c t e d  
t e m p e r a t u r e  change  and i s  e v a l u a t e d  by e q u a t i o n
, Ar
6 = k - g -----  ( 1 2 -2 )
m
w here  k  i s  a  c o n s t a n t ,  AR =* R„ -  R. and  R = (R „ + R .) /2f  1 m f  l
R and R^ a r e  t h e  f i n a l  and i n i t i a l  r e s i s t a n c e s ,  r e s p e c t i v e l y  
and a r e  o b t a i n e d  by e x t r a p o l a t i n g  t h e  p r e - r a t i n g  and p o s t -  
r a t i n g  c u rv e s  i n  su c h  a  way t h a t  a r e a s  ( I )  and ( I I )  i n  
r e s i s t a n c e / t i m e  p l o t s  a r e  e q u a l  s e e  F i g * (1 2 .2 )* .
I n  an  e l e c t r i c a l  c a l i b r a t i o n  e x p e r im e n t ,  t h e  h e a t  o f  
e v o l u t i o n  i s  u s u a l l y  l i n e a r  w i th  t im e ,a n d  t h e  e x t r a p o l a t i o n  
i n  t h i s  c a s e  sh o u ld  be c a r r i e d  o u t  u s i n g  t h e  t im e  f o r  h a l f  
o f  t h e  t e m p e r a t u r e  r i s e .  However, t h e r e  i s  some t im e  l a g  i n
t h e  h e a t  t r a n s f e r  p r o c e s s ,  and t h i s  l a t e r  e x t r a p o l a t i o n  i s
a lw ay s  s l i g h t l y  ( s e v e r a l  s e c o n d s )  beyond  h a l f  o f  t h e  h e a t i n g  
p e r i o d  ( s e e  w a te r  c a l i b r a t i o n  p . 28/*).
From th e  known h e a t  i n p u t  i n  t h e  c a l i b r a t i o n  e x p e r i m e n t ,  
Q^r and from  th e  c o r r e s p o n d in g  c o r r e c t e d  t e m p e r a t u r e  c h a n g e ,
0 , t h e  c a l i b r a t i o n  c o n s t a n t  £ i s  c a l c u l a t e d .
%  = e *0 c ( 1 2 - 3 )
In  o r d e r  to  c a l c u l a t e  t h e  c a l i b r a i o n  c o n s t a n t  ( s  ) , 
i t  i s  .n e c e s s a r y  to  know t h e  p r e c i s e  v a lu e  o f  t h e  h e a t e r  
r e s i s t a n c e  (R^) i n  ohms, th e  h e a t e r  c u r r e n t  ( I )  i n  am peres 
and t h e  h e a t i n g  t im e  ( t )  i n  s e c o n d s .  Thus e q u a t i o n  (1 2 -4 )  can  
be  w r i t t e n
Qc = R ^ I^ t  ( J o u l e s )  (1 2 -4 )
Then by c o m b in a t io n  o f  e q u a t io n  (1 2 -3 )  and ( 1 2 - 4 )  £
w i l l  be o b t a i n e d .
2
R, I  t
— ------------- ( 1 2 -5 )
k (  A H/R )
From t h e  r e s u l t s  o f  t h e  r e a c t i o n  e x p e r im e n t  a n o t h e r  ( p r e f e r ­
a b ly  v e r y  s i m i l a r )  c o r r e c t e d  t e m p e r a t u r e  ( 0 ^ )  c a n  be c a l ­
c u l a t e d .  We t h e n  have  r e l a t i o n s h i p
Qr  » e • e r  (1 2 -6 )
C o n s e q u e n t ly  t h e  h e a t  e v o l u t i o n  i n  t h e  s t u d i e d  p r o c e s s ,  Q^, 
can  be c a l c u l a t e d .
T h is  h e a t  v a l u e ,  d i v id e d  by t h e  m o la r  q u a n t i t y  o f  m a t e r i a l  
u se d  (n  = m/M) g i v e s  t h e  e n th a lp y  change  f o r  t h e  s t u d i e d  
p r o c e s s .
A Ho b s d .  = Q j n  o a l / m o l /  (1 2 -8 )
W ith  t h e  c h a r t  r e c o r d e r  t h e  t e m p e r a tu r e  change  was 
m easu red  d i r e c t l y  w i th  a  r u l e r .  I f  d r  and dc a r e  t h e  c o r r e c t e d  
pen  d i s p la c e m e n t  d u r i n g  th e  m ain  p e r i o d  f o r  r e a c t i o n  and 
c a l i b r a t i o n  r e s p e c t i v e l y ,  ( n o rm a l ly  m easu red  i n  mm.) t h e n  
e x p r e s s i o n  (12-9) i s  used ,
h i R . I 2t - d r .M  .
,AHo b s d .  _ _ h --------------  c a l .m o l  ( 1 2 -9 )
s 4 .1 8 4  • dc • m
w here  R^ i s  t h e  r e s i s t a n c e  o f  t h e  h e a t e r ,  and  t  i s  t h e  t im e
i n  se c o n d s  d u r in g  w h ich  a  c u r r e n t  ( I  am peres)  i s  b e in g  p a s s e d .  
— 1M (g .m o l  ) and m ( g . )  a r e  t h e  m o le c u la r  w e ig h t  and w e ig h t  
o f  t h e  s o l u t e  r e s p e c t i v e l y .
1 2 . 2 . B .Type I I .
S in c e  v  -  RgI  i s  t h e  p o t e n t i a l  d ro p  a c r o s s  t h e  s t a n d a r d
r e s i s t a n c e s  (R ) ,  so s
Q. = v 2t -  - 5  (1 2 -1 0 )
c R"
2w here R^/Rg = 5 0 .0 7 /1 0 0  i s  c o n s t a n t  f o r  t h i s  p a r t i c i i l a r
c a l o r i m e t e r .  Now by c o m p a r iso n  o f  e q u a t io n s  (1 2 -7 )  and 
(1 2 -1 0 )  one  can  o b t a i n
Qr c a l ( 12- 11 )
w here  k  = 5 0 .0 7 / 4 .1 8 4 x 1 0 0  = 0 .1 1 9 6 7  ( a  c o n s t a n t ) .
When t h e  c h a r t  r e c o r d e r  was u s e d ,  e q u a t io n  (1 2 -1 2 )  w hich  
i s  s i m i l a r  to  e q u a t io n  (1 2 -1 1 )  was u s e d .
s e v e r a l  c o r r e c t i o n s  m ust be c o n s i d e r e d ,  su ch  a s :
1 2 . 2 . C. H e a t  e f f e c t s  a s s o c i a t e d  w i th  t h e  i n i t i a t i o n  o f  
t h e  r e a c t i o n .
I* H e a t  o f  am poule b r e a k i n g  ( s o l v e n t  c o r r e c t i o n ) .
E v a p o r a t i o n  o f  c a l o r i m e t r i c  l i q u i d .
U s u a l ly  t h e  am poule i n  a  r e a c t i o n  c a l o r i m e t r i c  e x p e r im e n t  
i s  n o t  c o m p le te ly  f i l l e d  b u t  c o n t a i n s  some a i r  w h ich  w i l l  p a s s  
th r o u g h  t h e  c a l o r i m e t r i c  l i q u i d ,  and  becomes s a t u r a t e d  w i t h  
i t s  v a p o u r .  I t  may be c o r r e c t e d  by c a l c u l a t i o n ,  o r  e x p e r im e n t ­
a l l y  by b r e a k in g  an  em pty , s e a l e d  am pou le .
When t h e  r e a c t i o n  i n  a  c a l o r i m e t r i c  e x p e r im e n t  i s  i n i ­
t i a t e d  by b r e a k in g  an  am p ou le , t h e r e  w i l l  be a  h e a t  change  
f o r  w hich  c o r r e c t i o n  m ust a lw ay s  be made. The amount o f  
c o r r e c t i o n  i s  e i t h e r  d e te r m in e d  by b r e a k in g  empty am pou les
Q ( 12 - 1 2 )r dc
I n  o r d e r  to  c a l c u l a t e  Ah°  f o r  r e a c t i o n  p r e c i s e l y ,s
i n  s e p a r a t e  e x p e r im e n t s ,  o r  can  be c a l c u l a t e d  t h e o r e t i c a l l y  
u s i n g  e q u a t io n  ( 1 2 -13)
v • Mp • c *
S o lv e n t  c o r r e c t i o n  = -  --------- — ( 1 2 - 1 3 )
m v
2
w here  v  i s  t h e  volume o f  empty sp a c e  i n  am p o u le , Mg- i s  t h e
- 1
m o le c u l a r  w e ig h t  o f  t h e  s o l u t e  i n  g .m o l and m2 i s  t h e  w e ig h t  
o f  s o l u t e  i n  t h e  am poule i n  g ram .,c -j  i s  c a l c u l a t e d  from  t h e  
v a p o u r  p r e s s u r e  o f  t h e  s o l v e n t ,  and i t s  h e a t  o f  v a p o r i s a t i o n  
u s i n g  e q u a t io n  ( 12 - 14) and  i s  t a b u l a t e d  i n  T a b l e ( 1 2 . 1 ) .
c = m. AHy c a l .  (1 2 -1 4 )
I n  e q u a t io n  (1 2 —14 )» AH° i s  t h e  h e a t  o f  v a p o r i s a t i o n  o f
-1 3
s o l v e n t  i n  c a l .m o l  , and m i s  g ram .m ole  o f  s o l v e n t  i n  1 cm
volum e a t  2 9 8 . 15K ( m =( 1 /2 2 4 2 0 x 2 9 8 .1 5 )  ( 2 7 3 .1 5xi>°/760) ) .
F i g .  ( 1 2 .4 )  ''shows a  t y p i c a l  g ra p h  o f  am poule b r e a k i n g  i n
e th a n o l  w hich  h a s  b e en  o b t a i n e d  u s i n g  c a l o r i m e t e r  ty p e  I I .
T a b le  ( 1 2 .4 )  shows t h e  o b s e rv e d  v a l u e s ,  and  c a l c u l a t e d
v a l u e s  f o r  s o l v e n t  c o r r e c t i o n  o f  d i s t i l l e d  w a t e r  and  e t h a n o l .
I I .  E f f e c t  c au se d  by in c o m p l e t e l y  f i l l e d  am pou les  ( s o l u t e  
c o r r e c t i o n ) .
When th e  am poule i s  i n c o m p l e t e l y  f i l l e d  and t h e  am poule  
c o n t e n t s  a r e  v o l a t i l e ,  a  s m a l l  p a r t  o f  t h e  c o n t e n t s  w i l l  be 
i n  t h e  v a p o u r  s t a t e .  T h is  e f f e c t  i s  som etim es l a r g e  enough to  
c a l l  f o r  a c o r r e c t i o n .  T h is  c o r r e c t i o n  f o r  v o l a t i l e  s o l u t e s  
was c a l c u l a t e d  u s i n g  e q u a t io n  ( 1 2 - 1 5 )  w hich  i s  s i m i l a r
3oo koo Goo 8 0 0700
t  ( s )
F i g . (12*4) R e s is ta n c e - t im e  p l o t  f o r  ampoule b re a k in g  i n  e th a n o l .
-  281 -
Table(l2.l) Calculation of the correction values, C .
Compound P°298 ,15  
mm.Hg
h298.15  
k c a . . c o l
m.10^
3g.m ol/cm
C ( c a l )
W ater 23 .73 . 10.52 1.276 0 .0 1 3 4
M ethanol 122.5 8.91 6.586 0 .0 5 8 7
E th a n o l 59 .0 10.11 3.172 0.0321
1-P ro p a n o l 20.1 11.31 1.081 0 .0122
P ro p y le n e  c a rb o n a te 1 .0 9 7 .3 3 0 .060 0 .0 0 4 4
D im eth y lsu lp h o x id e 0 .6 0 12 .64 0 .032 0 .0 0 0 4
D im ethylform am ide 4 .0 6 11 .36 0 .2 1 8 0 .0 0 2 5
S t i l  fo  la n e 3.81 11.985 0 .205 0 .0 0 2 5
N itro m eth an e 36 .60 9 .147 1 .9 6 8 0 .0180
A c e t o n i t r i l e 88.81 7.941 4.532 0 .0 3 6 0
N itro b e n z e n e 0 .2 8 4 13 .1 9 1.527 0 .0 2 0 0
N -M eth y lp y rro lid o n e 3 .5 8 13.282 0 .192 0 .0 0 2 6
A cetone 229.2 7.61 12.323 0 .0 9 3 8
1 ,2 -D ic h lo ro e th a n e 7 8 .9 8 .4 0 4 .242 0 .0 3 5 6
1 ,1 -D ic h lo ro e th a n e 227.0 7 .3 2 12.204 0 .0893
1-C h lo ro b u tan e 100.0 7 .9 6 5 .376 0 .0 4 2 8
2 -C h lo ro -2 -m e th y l-  
p ropane 29 4 .8 7 .0 3 15.850 0 .1 1 1 4
D ic h lo ro e e th a n e 4 35 .8 6 .825 23.430 0 .1 6 0 0
1 , 1 , 1 -T r ic h lo ro -  
e th an e 120.7 7 .7 1 8 6 .489 0.0501
E th y l  io d id e 136.2 7 .5 8 4 7.322 0 .0 5 5 3
1 , 1 ,2 ,2 - T e t r a -  
c h lo ro e th a n e 5 .95 10.753 0.32 0 .0 0 3 4
T e tra h y d ro fu ra n 197 7 .6 5 10.591 0 .0810
E th y l  a c e ta te 92 .0 8 .4 0 4.946 0 .0 4 1 6
E th y l  b en zo a te 0 .1 8 8 .6 7 0 0 .0 1 0 0.0001
C hlorobenzene 11.75 10.165 0 .632 0 .0 0 6 4
Bromobenzene 4 .182 10.870 0 .0 2 3 0 .0 0 2 4
C hloroform 197.4 7 .4 1 5 10.613 0 .0 7 8 7
D ie th y l  e th e r 537.0 6 .6 9 28.871 0 .1 9 3 0
T rie th y la m in e 57.1 8.351 3 .070 0 .0 2 5 6
Benzene 9 5 .1 8 8 .0 9 0 5 .117 0 .0 4 1 4
Carbon t e t r a c h l o r i d e 109.6 7 .746 5.892 0 .0 4 5 4
C yclohexane 97.582 7 .895 5.246 0 .0 4 1 4
Hexane 151.3 7 .5 4 8 .135 0 .0 6 1 3
E th y l  o x a la te 0 .2 0 12.601 0.011 0.0001
T e tra ra e th y lt in 115.2 7 .4 5 6.194 0.0461
to  e q u a t io n  ( 1 2 -1 3 )
v .M p .c 2
S o l u t e  c o r r e c t i o n  =   A C \( 12-13;
1 2 . 2 . D. C o r r e c t i o n  f o r  h e a t  o f  d i l u t i o n  o f  1:1 e l e c t r o l y t e s  
i n  s o l v e n t s .
I f  A h i s  t h e  o b s e r v e d  h e a t  o f  s o l u t i o n  o f  a  1:1 e l e c -  s
t r o l y t e ,  and AH^ i s  t h e  e n th a lp y  change  f o r  t h e  a s s o c i a t i o n  
r e a c t i o n  ( 1 2 - 1 6 ) .
K
A" + B+ *==* AB (1 2 -1 6 )
i t  can  e a s i l y  he shown
A1IS = AHs i  + (1 -  a  ) AHa (1 2 -1 7 )
w h ere  AH . i s  t h e  h e a t  o f  s o l u t i o n  o f  t h e  e l e c t r o l y t e  a sSI
t h e  d i s s o c i a t e d  p a i r  o f  i o n s ,  and a  i s  t h e  d e g re e  o f  d i s s o ­
c i a t i o n  o f  t h e  e l e c t r o l y t e  i n  s o l u t i o n .  I n  t h e  p r e s e n t  w ork ,
&  was c a l c u l a t e d  from  t h e  known f i n a l  c o n c e n t r a t i o n  
o f  t h e  e l e c t r o l y t e  i n  s o l u t i o n  and t h e  r e l e v a n t  K *^9 
( a s s o c i a t i o n  c o n s t a n t )  v a l u e ,  t h e  e x te n d e d  D ebye-H u ck e l 
e q u a t io n  b e in g  u se d  to  e s t i m a t e  t h e  v a lu e  o f  f +4 f o r  t h e  
d i s s o c i a t e d  s p e c i e s  i n  s o l u t i o n .  H ence , AHg v a lu .e s  f o r  a  
g iv e n  e l e c t r o l y t e  can  be d e te rm in e d  a s  a  f u n c t i o n  o f  a  . A
p l o t  o f  AII a g a i n s t  a  , on e x t r a p o l a t i o n  to  ot =1 , w i l l  t h e ns
127y i e l d  t h e  r e q u i r e d  v a lu e  o f  (T ab le (1 2 .3 )  ,p*290)
The l e a s t  s q u a r e s  c o m p u te r  p rogram  CK2H ( p . 323 ) was
u se d  to  compute th e  r e s u l t s .
Other e f f e c t s .
I n  some c a l o r i m e t e r s ,  due to  th e  p a r t i c u l a r  c o n s t r u c t i o n ,  
o t h e r  h e a t i n g  o r  c o o l i n g  e f f e c t s  may be a s s o c i a t e d  w i th  th e  
i n i t i a t i o n  o f  t h e  r e a c t i o n ,  e . g .  t h e  movement o f  t h e  am poule 
h o l d e r  o r  i t s  s h a f t .  A s tu d y  s h o u ld  be made to  s e e  i f  su c h  
e f f e c t s  a r e  p r e s e n t ,  and i f  t h e y  a r e ,  t h e y  s h o u ld  be c o r r e c t e d  
e m p i r i c a l l y .  U nder n o rm al o p e r a t i o n  c o n d i t i o n s ,  t h e r e  w ere  
no su c h  e f f e c t s  w i th  t h e  two c a l o r i m e t e r s  u se d  i n  t h i s  w ork .
1 2 . 2 . E . E r r o r s .
The m ag n itu d e  o f  s y s t e m a t i c  and random e r r o r s  i n  
th e rm o c h e m ic a l  m easu rem en ts  d ep en d s  upon s e v e r a l  d i f f e r e n t  
f a c t o r s  such  a s :
(a )  The n a t u r e ,  p u r i t y  and v e l o c i t y  o f  t h e  s p e c i f i e d  r e a c t i o n .
(b )  The a c c u ra c y  i n  m easiirem ent o f  t h e  ,lam ount,, o f  c h e m ic a l  
r e a c t i o n .
( c )  The s e n s i t i v i t y  o f  t h e  a u x i l i a r y  m e a su r in g  e q u ip m e n t .
(d )  The p u r i t y  o f  t h e  i n d i v i d u a l  com po nen ts .
( e )  The p r e c i s i o n  o f  m a i n t a i n in g  t r u e  i s o t h e r m a l  c o n d i t i o n s .
In  t h e  p r e s e n t  work* an  e s t i m a t e  o f  t h e  t o t a l  random 
e r r o r s  was o b t a i n e d  by c a l c u l a t i o n  o f  t h e  s t a n d a r d  d e v i a t i o n  
d , o f  t h e  f i n a l  c a l c u l a t e d  h e a t  o f  s o l u t i o n *
O -  { % ■ ]  ( ’ 2 - 18>
2w h ere  6 i s  t h e  sum o f  t h e  s q u a r e s  o f  t h e  d e v i a t i o n s  
f ro m  t h e  m ean, and ri i s  t h e  t o t a l  num ber o f  d e t e r m i n a t i o n s *
1 2 .3  R e s u l t s .
I n  t h e  f o l l o w i n g  p a g e s  a r e  g iv e n  f i r s t l y  t h e  r e s u l t s  
o f  t h e  p r e l i m i n a r y  e x p e r im e n ts  c a r r i e d  o u t  to  c h e c k  t h e  
c a l o r i m e t r i c  a p p a r a t u s  and m e th o d s .  T hese  e x p e r im e n t s  i n c l u d e  
t h e  w a te r  c a l i b r a t i o n s ,  and t h e  h e a t  o f  s o l u t i o n  o f  THAM 
i n  0.1M HC1. A f t e r  t h e s e  p r e l i m i n a r y  e x p e r im e n t s  a r e  l i s t e d  
t h e  r e s u l t s  o f  t h e  e x p e r im e n ts  o n  h e a t s  o f  s o l u t i o n  o f  
e l e c t r o l y t e s  and n o n - e l e c t r o l y t e s  i n  v a r i o u s  s o l v e n t s .  B o th  
c a l o r i m e t e r s  w ere  u se d  f o r  t h e s e  d e t e r m i n a t i o n s .
. 1 2 . 3 . A. W ater  c a l i b r a t i o n  ( u s i n g  c a l o r i m e t e r  t y p e  I I ) .
As a  s t a r t ,  and in  o r d e r  t o  ch ec k  t h e  a c c u r a c y  and
c o n s ta n c y  o f  t h e  c a l o r i m e t e r ,  t h e  c a l i b r a t i o n  e x p e r im e n t  was
c a r r i e d  o u t .  The p r o c e d u re  was a s  d e s c r i b e d  b e f o r e  on p .  275.
F o r  w a te r  c a l i b r a t i o n ,  t  was o b t a i n e d  by u s e  o f  t h em ■
f o l lo w in g  e q u a t io n
s i n c e  ( t i  -  t Q) = 5 m in s . ,  J£(tf  -  t jL) = 2 . 5 m i n s . ,  t h e n  
t  = 7 e 7 m in se The l a s t  t e rm  o f  e q u a t io n  (1 2 -1 9 )  i . e .  0 ,2  
i s  a  c o r r e c t i o n  te rm  f o r  t h e  t im e  l a g  ( d e s c r i b e d  on p . 2 7 5 j  
b e tw ee n  when t h e  c u r r e n t  i s  s w i tc h e d  on and t h e  a c t u a l  
r e s p o n s e  o f  t h e  t h e r m i s t o r .
T h is  ru n  h a s  b e e n  done s e v e r a l  t i m e s ,  and t h e  r e s u l t s  
a r e  shown i n  T a b l e ( 1 2 . 2 ) .
1 2 .3 .B  THAM- C hem ica l s t a n d a r d  f o r  r e a c _ t ia n  c a l o r i m e t e r s .
150I n  1964 I r v i n g  and Wadso f i r s t  s u g g e s te d  t h e  r e a c t i o n  
o f  t r i s ( h y d ro x y m e th y l)a m in o rn e th a n e ,  (2 -a m in o ~ 2 -h y d ro x y m e th y l-  
1 , 3 - p r o p a n e d i o l ) , u s u a l l y  d e s i g n a t e d  "TRIS" o r  "TEAM", w i th  
0.1M h y d r o c h l o r i c  a c i d  a s  a  s t a n d a r d  th e rm o c h e m ic a l  p r o c e s s .
AHu l l n i I T A M  ,
H2N*C(CH2OH)5 + H^O — > H5NC*(CH2OH)3 + H20
AHTHAM = ” 7104+3 c a l .m o l  1
MTHAMH .is a  w e l l  d e f i n e d  c r y s t a l l i s e d  compound, .
1 5 1 ,1 5 2
ra .p . 444 .25K , M.W. 121 .1372 g .m o l" 1 , 151 ’ 1 .. p = 1 .3 5 g .e m 5 ,
153i t  i s  an  i n t e r m e d i a t e  b a s e ,  pK^ = 5 .9 2  , i t  h a s  a  low
h y g ro s c o p y ,  do es  n o t  a b s o rb  c a rb o n  d i o x i d e ,  i s  r e a d i l y  s o l u b l e  
i n  w a t e r ,  and h a s  t h e r e f o r e  found  u s e  a s  a  p r im a ry  a c i d i -  
m e t r i c  s t a n d a r d .  I t  can e a s i l y  be r e c r y s t a l l i s e d  from  m e th a n o l ,  
and s e v e r a l  r e c r y s t a l l i s a t i o n  y i e l d  a  p u r i t y  g r e a t e r  t h a n  99 .95% .
From t h e i r  r e s u l t s ,  I r v i n g  and Wadso c o n c lu d e d  t h a t  
"THAM" h a s  w e l l  d e f i n e d  therm o c h e m ic a l  p r o p e r t i e s .  The nTHAM,f 
r e a c t i o n  i s  h i g h l y  e x o th e rm ic  and h a s  a  low d i f f e r e n t i a l
15/1
h e a t  o f  s o l u t i o n .  '
I n  t h e  p r e s e n t  work t h e  nTHAMn r e a c t i o n  was c a r r i e d  o u t
u s i n g  c a l o r i m e t e r  ty p e  I I , t w e l v e  t im e s  to  g iv e  a  mean v a lu e
-1
o f  AH = -7104+13 c a l .m o l e  , w h ich  i s  i n  good a g re e m e n t  s *—
w i th  t h e  l i t e r a t u r e .  T a b le  ( 1 2 .3 )
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T a b l e ( l 2 . 3 )  Heat o f  s o l u t i o n  o f  THAM i n  HC1 a t  2 9 8 . 15K.
(0 .1  -  0 . 4 g .  THAM i n  100m l. o f  0 .1M H C 1)
A u th o r  Y ear  -  ^  R e f e r e n c e
c a l . m o l .
I r v i n g  and Wadso 1964 7107+4 150
Gunn 1965 7107+1 149
K i ld a y  and P r o s e n 1966 7114+2 158
S u n n e r  and Wadso 1966 7112+2 155
M eK erre l 1966 7112+5 156
I r v i n g  and Wadso 1966 7112+2 158
O je lu n d  and Wadso 1967 7112+4 .157
M o rtim er  and B e e z e r 1969 7104+8 158
I i 'v i n g  and S o u sa 1969 7110+1 158
H i l l  e t  a l 1969 7109+1 159
Gunn 1970 7107+1 160
P ro  se n 1971 7115+1 158
R i b e i r o  da  S i l v a 1973 7112+6 158
H .N .B id o k h t i 1977 7110+4 158
P r e s e n t  work 1977 7104+13*
* a v e r a g e  o f  12 d e te r m in a t io n s , .
1 2 .3 .C .  H e a t  o f  s o l u t i o n  o f  Pi\?NI i n  w a t e r ,  Bu^NI and   —----- -— —  4 —  --------------- — * 4 .----- -— ;
Bu.NCIO, i n  e th a n o l  and E t .N I  i n  n i t r o b e n z e n e ,— 4 —  4 -------------- — -------------;—• 4 — -—-“
T h is  work r e p o r t e d  h e r e ' i s  a im ed a t  e v a l u a t i n g  AH ,s
AH° , AH^ , a  ( d e g r e e  o f  d i s s o c i a t i o n ) , and t h e  c o n -
c e n t r a t i o n  o f  i o n s  (A + B ) w hich  a r e  p r e s e n t  i n  t h e
e q u i l i b r i u m
♦  -  Ka  ■
A + B AB
The c a l o r i m e t r i c  p r o c e d u r e ,  and c a l c u l a t i o n  o f  ^H *s
AH0 , AH, , a  f  c .  w i t h  a l l  c o r r e c t i o n s  was c a r r i e d  o u tS Q 1
a s  d e s c r i b e d  b e f o r e  ( I 2 . 1 . b . ) ,  and r e s u l t s  a r e  p r e s e n t e d  
i n  T a b le s  (1 2 .  5) and ( 1 2 . 6 ) .
T a b l e ( 1 2 .4 )  H e a t  o f  am poule b r e a k i n g  i n  d i s t i l l e d  w a t e r  
and e t h a n o l  a t  2 9 8 .15K.
S o lv e n t  ^  c a l .
O bsd . C a ld .
W ater
E th a n o l
1 .2 4  
2 . 6 6
1 .3 4
3 .21
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Table(12.6 ) Heat of solution of Et^NI in nitrobenzene in
cal .mol. at 298.15K.
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CHAPTER 13
GAS CHROMATOGRAPHY
DETERMINATION OF RAOULTt S LAW ACTIVITY COEFFICIENTS 
OF Me, Sn ,  B u t C l  AND B u S r-------------4j.-------1------2--------- :--------------------—
13 .1  D e te r m in a t io n  o f  t e r m i n a l  v a l u e s  o f  R a o u l t ' s  law
■ ta c t i v i t y  c o e f f i c i e n t s  o f  Me^Sn ,  Bu C l i n  v a r io u s  
s o lv e n ts  a t  298 .15K.
A l l  c h ro m a to g ra p h ic  s t u d i e s  w ere  c a r r i e d  o u t  u s i n g  a  
P e r k i n  E lm er P-11 g a s - l i q u i d  c h ro m a to g ra p h  e q u ip p e d  w i th  a  
f lam e  i o n i s a t i o n  d e t e c t o r .  The colum n w h ich  was u s e d  i n  
t h i s  work was a  2m column o f  20% d i g l y c e r o l  on  C e l i t e  
72 -85  mesh „ The i n s t r u m e n t  o p e r a t i n g  c o n d i t i o n s  w ere  a s  
f o l lo w s
~ i
C h a r t  sp eed  -  10mm. min 
Column t e m p e r a t u r e  -  3 2 3 .15K
I n j e c t i o n  t e m p e r a t u r e  -  a b o u t  2 9 3 . 15K (room t e m p e r a t u r e )  
P r e s s u r e  o f  h y d ro g e n  g a s  -  1 8 1 b / in
2P r e s s u r e  o f  n i t r o g e n  g a s  -  1 6 1 b / in
2P r e s s u r e  o f  a i r  -  2 0 1 b / in
S o l u t i o n s  o f  t e t r a m e t h y l  t i n  i n  v a r i o u s  s o l v e n t s  w ere  
p i 'e p a re d  by w e i g h t ,  so t h a t  mol f r a c t i o n  c o n c e n t r a t i o n s  
c o u ld  e a s i l y  be c a l c u l a t e d .  To e n s u r e  t h a t  t h e r e  was a  
l a r g e  volume o f  v a p o u r  above t h e  s o l u t i o n  s p e c i a l  sh a p ed  
f l a s k s ,  s e a l e d  w i th  s e l f - s e a l i n g  sep tum  c a p s  w ere  u s e d .
The f l a s k s  w ere p l a c e d  i n  a  t h e r m o s t a t  a t  2 9 8 .1 5 + 0 .05'K and 
a l lo w e d  to  e q u i l i b r a t e  f o r  a t  l e a s t  an  h o u r .  To p r e v e n t  
c o n d e n s a t io n  o f  s o l v e n t  o n to  t h e  i n s i d e  o f  t h e  sep tu m  c a p ,  
t h e  t h e r m o s t a t  was c o v e re d  w i th  t h i n  p l a s t i c  s h e e t  so t h a t  
th e  s h e e t  l a y  on to p  o f  t h e  sep tum  c a p s ,  t h e r e  b e in g  a  
minimum o f  v a p o u r  sp a c e  i n  t h e  t h e r m o s t a t  b e tw ee n  t h e  to p
o f  t h e  t h e r m o s t a t  l i q u i d  and th e  p l a s t i c  s h e e t .  The p r e s s u r e  
i n s i d e  each  f l a s k  was m a in t a in e d  a t  a tm o s p h e r ic  by p i e r c i n g  
a  n a rro w  hyp oderm ic  n e e d l e  th ro u g h  th e  sep tum  c a p .
3A " r u n 11 c o n s i s t e d  o f  c o n s e c u t iv e  i n j e c t i o n  o f  (0 .5cm  ) 
o f  t h e  v a p o u rs  above eac h  o f  t h e  s o l u t i o n s ,  c a r r i e d  o u t  i n  
t h e  f a s t e s t  p o s s i b l e  t i m e ,  so t h a t  c o n d i t i o n s  p r e v a i l i n g  i n  
t h e  i n s t r u m e n t  w ould  n o t  a l t e r  s i g n i f i c a n t l y .  E ach  b a t c h  o f  
s o l v e n t  c o n ta in e d  one  o r  more s o l v e n t s  w hich  w ere  u s e d  
th r o u g h o u t  a s  s t a n d a r d s ,  so t h a t  t h e  r e s u l t s  from  a l l  t h e  
b a tc h e s  c o u ld  be  com pared i n  a  v a l i d  way.
The c o n c e n t r a t i o n s  o f  th e  s o l u t i o n s  w ere a l t e r e d ,  i f  
n e c e s s a r y ,  so t h a t  t h e  s o l u t e  v a p o u r  peak  h e i g h t s  from  a l l  
t h e  s o l u t i o n s  i n  t h e  b a t c h  were a p p ro x im a te ly  e q u a l ,  o r  a t  
l e a s t  c o u ld  be m easu red  u s i n g  t h e  same i n s t r u m e n t  s e n s i t i v i t y  
s e t t i n g .  T h is  was to  r e d u c e  e r r o r s  c a u se d  by s w i t c h i n g  from  
one s e n s i t i v i t y  s e t t i n g  to  a n o t h e r ,  and e r r o r ' s  c a u s e d  by t h e  
m easurem ent o f  p e ak  h e i g h t s .  An exam ple o f  a  t y p i c a l  o u t  p u t  
i s  g iv e n  on  P i g . ( 1 3 . 1 ) .  D u r in g  t h e  c o u rs e  o f  Me^Sn a n a l y s e s  
t h e  d e t e c t o r  g r a d u a l l y  became c o a te d  w i th  t i n  o x id e  and 
was c le a n e d  e v e ry  few d a y s .
S o l u t i o n s  o f  . t e t r a m e t h y . l t i n  and t - b u t y l  c h l o r i d e  i n  
m e th an o l  w ere  c h o sen  a s  s t a n d a r d s ,  and i n  any  s e t  o f  a g r e e ­
m e n ts ,  f r e s h  s o l u t i o n s  o f  t h e s e  two s o l u t e s  i n  m e th a n o l  w ere  
ch ro m a to g ra p h ed  so t h a t  t h e  r e s u l t s  from  a l l  t h e  s e t s  c o u ld  
be com pared . The r e s u l t s  w ere  t r e a t e d  a s  f o l lo w s :
F o r  e a c h  s e t  t h e  h e i g h t  o f  t h e  s o l u t e  peak  (D) f rom  t h e  
v a p o u r  above e ac h  s o l u t i o n  was m e a su re d ,  and. r e l a t i v e  t e r m i ­
n a l  v a l u e s  o f  t h e  R a o u l t ' s  law  a c t i v i t y  c o e f f i c i e n t  w ere  
c a l c u l a t e d  from  t h e  e q u a t io n
Y
©0
B
CO
Y a
B
TjOP xA
* b
V * B
V XA
tA ,XB
A fX B
0
0
•PB ^ XB
PA/X A
CA>XB
( 1 3 - 1 )
w h ere  Y i s  t h e  l i m i t i n g  v a l u e  o f  th e  a c t i v i t y  c o e f f i c i e n t  
P i s  t h e  v a p o u r  p r e s s u r e  o f  s o l u t e  above t h e  s o l u t i o n , .
P° i s  t h e  v a p o u r  p r e s s u r e  o f  p u re  s o l u t e ,  x i s  t h e  mol f r a c ­
t i o n  c o n c e n t r a t i o n  o f  s o l u t e  i n  s o l u t i o n ,  D i s  t h e  d e t e c t o r  
r e s p o n s e  to  t h e  s o l u t e  ( h e r e ,  s o l u t e  p eak  h e i g h t ) ,  and
57s u b s c r i p t s  A and B r e f e r  to  s o l v e n t s  A and B. The v a lu e  
o f  Y°° f o r  t e t r a m e t h y l t i n  i n  m e th a n o l  a s  t h e  r e f e r e n c e
OO ^
was t a k e n  a s  Y = 3 1 .0  and f o r  t - b u t y l  c h l o r i d e  » =10 .
R e s u l t s  a r e  g iv e n  i n  T a b l e ( l 3 . . 1 ) .
uiij.umauu5Acuu v-/x Bcimpj.es ox m e  v a p o u r
above s o l u t i o n s  o f  t e t r a m e t h y l t i n  i n  m eth an o l
MeOH
I H  I
i> 2  JDCE
-H60~;
t—
•S iEm
i
F i g . ( 1 3 .1 )  O u tp u t  f o r  s o l u t i o n s  o f  t e t r a m e t h y l t i n  
i n  t h e  s o l v e n t s  i n d i c a t e d .
* Abbreviation PC (Propylene carbonate ;
1,2 DCE (1,2-Dichloroethane)
13.2. Determination of terminal values of Raouitfs law
a c t i v i t y  c o e f f i c i e n t  o f  t - b u t y l  b rom ide  i n  v a r i o u s  
s o l v e n t s  a t  2 9 8 . 15K.
The p r o c e d u r e  and t r e a t m e n t  w ere  e x a c t l y  t h e  same a s
t h o s e  f o r  Me,Sn and t -B u C l  w hich  w ere  d e s c r i b e d  b e f o r e .4
H ow ever, i t  was fo u n d  t h a t  t h e  R a o u l t fs  law  a c t i v i t y  c o e f f i*  
c i e n t  ( Y°° ) c o u ld  n o t  be  m easu red  i n  s o l v e n t s  s u c h  a s  
a l c o h o l s ,  e t h y l e n e  g l y c o l ,  N - m e t h y l p y r o l l i d o n e ,  fo rm am ide  
and p r o p y le n e  c a r b o n a t e ,  b e c a u s e  o f  d e c o m p o s i t io n  o f  t h e  
t - b u t y l  b ro m id e .  So a c e to n e  was c h o sen  a s  t h e  r e f e r e n c e  
s o l v e n t  and t h e  r e s u l t s  a r e  shown i n  T a b l e ( l 3 . 1 ) .
-  314 -
T a b l e d ? . 1} Terminal R a o u l t ’ s law a c t i v i t y c o e f f i c i e n t  ( y ) of non-
Br
•e
Y
e l e c t r o l y t e s i n  some o rg a n ic s o lv e n ts a t  2 9 8 .15K
S olven t
-----Me. 4
x ( 1 0 3 )
Sn-----
Y °
-----Bu
x ( 1 0 3 )
t Cl----
Y
t- — Bu 
x ( 1 0 5 )
Methanol 0 .55 3 l . o 0.85 1 0 . 0 1 4 . 0
1—Octanol 3.86 4 .5
E th y len e  g ly c o l 0 .15 464 .3 4 .52 3 .4
P ropy lene  ca rb o n a te 1 .93 43-7 1.27 6 . 9
Formamide 0.40 130.2*
A c e t o n i t r i l e 3.877 3 .9 4
N itro b en zen e 3 .50 9 .7 5.049 2 . 9 3
N -M ethy lpy rro l idone 1.18 11 .0
B e n z o n i t r i l e 3 .76 3 .0 4 .651 2 .8 5
Acetone 2 .676 2 .7 3
1 .2 -D ic h lo ro e th a n e 3.41 4 .8 7 2 .33 i . 9
1 ,1 —D ich lo ro e th an e 2 . 6 0 10.57
D ichlorom ethane 2 .5 3 4 .0 2.71 2 .9
1 , 1 , 2 , 2 -T e t r a c h lo ro e th a n e 2.88 11 .50
T e t ra h y d ro fu r a n  (THF) 6.82 2 .04
1 , 1 ,1 - T r ic h lo ro e th a n e 6 .66 1 .7
E th y l  a c e t a t e 3.12 1 .6
E-thyl b en zo a te 4 .8 5 2 .1 5 .496 1 .8 7
E th y l  o x a l a t e 4 . 6 0 2 .6 6 . 4 6 0 2 . 2 6
Chlorobenzene 3 .400 1 .7 1
Bromobenzene 3 .74 2 . 9 3.65 1 .8 5.395 1 .8 3
Chloroform 6.75 2 .1
C yclohexy l c h lo r id e 7.18 1 .8
Cyclohexyl bromide 4.58 1 .9
1 -C h lo ro b u tan e 5 .2 4 1 .9
D i -n - b u ty l  e t h e r 8 .74 1 .5
Toluene ■ 4 .  04 2 .5
Benzene
Dioxan 6.474 2 .5 8
Decane 4 .159 2 .2 4
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